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Introduction and scope of the thesis

1. Epigenetics and histone lysine acetylation
During the last decades, epigenetics has been defined as a crucial factor in cancer and
inflammatory diseases. Epigenetics encompasses all inheritable changes in gene expression of
eukaryotic cells without changes in the genetic code [1]. It is an inheritable and reversible
process that is regulated by a range of enzymes. These enzymes dynamically modify the
chromatin by adding or removing the so-called epigenetic modifications such as methylation,
acetylation,

phosphorylation,

sumoylation,

ubiquitination,

ADP-ribosylation,

N-

acetylglucosylation and others [2]. Altogether these modifications form the so-called histone
code, which plays a key role in the regulation of gene transcription.
After the discovery of epigenetic modifications in 1964 [3], histone acetylation has become a
widely studied process that has been linked to various diseases including many types of cancer
and inflammatory diseases. Generally, histone acetylation is loosening the chromatin
structure, which facilitates gene transcription. The overall levels of histone acetylation are
controlled by a balance between two groups of enzymes, histone acetylases (HATs) and
histone deacetylases (HDACs). HATs transfer acetyl groups from Acetyl-CoA onto histone
lysine residues, which neutralizes their positive charged and consequently their association
with negatively charged DNA [4]. HDACs catalyze hydrolysis of acetylated lysine residues,
which consequently provides a more condensed chromatin structure that is less accessible for
the transcription machinery [5]. Thus, the activity balance of HATs and HDACs plays a key role
in regulation of gene transcription.
Besides their activity on histones, both HATs and HDACs play an important role in acetylation
and deacetylation of non-histone proteins, for example, α-tubulin and transcription factor
kappa-light-chain-enhancer of activated B cells (NF-κB) [6,7]. HDAC6 deacetylases α-tubulin
and heat shock protein 90 (HSP90) to regulate cell proliferation, metastasis, invasion, and
mitosis in tumors [8]. HATs, such as the p300/CBP complex, are important chromatin
modulators that directly interact with NF-κB [9,10]. HDAC 1, 2 and 3 are also reported to be
involved in the regulation of the NF-κB signaling pathway [11,12]. NF-κB signaling pathway
plays a critical role in regulating the survival, activation and differentiation of innate immune
cells [13]. Therefore, unraveling the relationships between HATs/HDACs and NF-κB would
pave the way for understanding the role of HATs and HDACs in inflammatory diseases.
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2. Histone deacetylases (HDACs)
To date, eighteen HDAC subtypes are known, which are divided into two families and four
classes, based on sequence similarity and cofactor dependency [14]. The first family consists
of HDAC classes I, II, and IV, and comprises the “classical” zinc-dependent HDACs, while class
III consists of the NAD+-dependent sirtuin (SIRT1-7) family. Generally, class I HDACs, which are
HDAC 1, 2, 3, and 8, are located primarily in the nucleus. Class II HDACs, which comprises class
IIA, including HDAC 4, 5, 7, and 9, and class IIB, including HDAC6 and HDAC 10, also have major
cytoplasmic functions. HDAC 11 is the only class IV HDAC, which together with HDAC 10, is still
poorly understood HDAC subtype. The class III sirtuins contain both mono-ADPribosyltransferase and histone deacetylase activity, and are located in the nucleus, the
mitochondria, or the cytoplasm, depending on the isoform.

3. HDACs in cancer and inflammation
It is well known that HDACs play crucial roles in cancer by deacetylating histone and
nonhistone proteins, which are involved in the regulation of cell cycle progression [15],
apoptosis [16], DNA-damage response pathways [17], autophagy [18], and other cellular
processes [19]. Four HDAC inhibitors, Vorinostat, Belinostat, Panobinostat and Romidepsin,
have been approved by U.S. Food and Drug Administration (FDA) for clinical use for the
treatment of lymphoma [20]. Currently, more HDAC inhibitors are being developed in clinical
trials to treat various types of cancer, including multiple myeloma, lung cancer, breast cancer
and non-small cell lung cancer (NSCLC) (Table1). The first HDAC inhibitor on the market was
Vorinostat (also denoted SAHA), which contains a hydroxamic acid as zinc binding group.
Subsequently, other hydroxamic acid-based HDAC inhibitors, Belinostat and Panobinostat,
gained market approval. Currently, the next generation of hydroxamic acid-based HDAC
inhibitors, including Resminostat, Givinostat, Pracinostat, Ricolinostat, Abexinostat and AR-42
are under clinical investigation. Another class of HDAC inhibitors are the o-aminoanilide-based
inhibitors, such as Entinostat, selectively targeting class I HDACs. Entinostat and its analogs,
Mocetinostat, Tacedinaline, Chidamide are in different phases of clinical investigation.
Another type of HDAC inhibitors is Romidepsin, which is a natural product isolated from the
bacterium Chromobacterium violaceum. This inhibitor gained FDA approval for treatment of
T-cell lymphoma. The short-chain fatty acids, Valproic acid and Phenylbutyrate, also inhibit
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HDAC activity and are now in phase I clinic trials. These achievements in the development of
HDAC inhibitors encourage further studies to define the roles of HDAC isoenzymes and their
potential utility as drug targets in different disease models. Furthermore, these achievements
indicate the importance to develop novel types of HDAC inhibitors with improved selectivity
profiles, enhanced physical-chemical properties and less toxicity to expand their scope of
application.
A promising application for HDAC inhibitors is combination therapy with immune check point
modulators to improve cancer immunotherapy [21,22]. On one hand, HDAC inhibition
transcriptionally regulated PD-1 or PD-L1 expression in cells [22,23], which facilitates the
susceptibility for immunotherapy. On the other hand, HDAC inhibitors alter the tumor
microenvironment (TME) by influencing secretion of cytokines from immune cells [24]. This
would also improve immunotherapy. For now, some of the widely used HDAC inhibitors, such
as SAHA and Entinostat, have been used in clinical trials in combination with various
immunomodulators [25]. Therefore, novel combination therapies, such as immune-epigenetic
combination therapies, are being explored to leverage the efficacy of immunotherapy.
Combination therapy of HDAC inhibitors and other anti-cancer agents has become a promising
approach to overcome resistance to cancer therapy. Inhibition of HDAC 3 or HDAC 8 sensitized
TRAIL-induced apoptosis in colon cancer cells [26]. Treatment of HDAC inhibitor could regain
chemosensitivity in cisplatin-resistant cancer cells [27,28]. Studies have demonstrated that
epidermal growth factor receptor (EGFR) inhibitor, Gefitinib, combined with Entinostat
synergistically induces growth inhibition and apoptosis in Gefitinib-resistant NSCLC cells [29].
Using HDAC inhibitors as chemosensitizers that increase the efficiency of other
chemotherapeutic compounds has shown great potential in preclinical and clinical trials.
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Table 1. HDAC inhibitors under clinical investigations.
Name

Application

Clinical trial

Reference

Vorinostat(SAHA)

T-cell lymphoma

FDA approved

[30]

Belinostat(Beleodaq)

T-cell Lymphoma

FDA approved

[31]

Panobinostat(LBH-589)

Multiple myeloma

FDA approved

[32]

Resminostat(4SC-201)

Advanced Solid Tumors

Phase II

[33]

Givinostat(ITG2357)

Multiple myeloma

Phase II

[34]

Pracinostat(SB939)

Myeloid leukemia

Phase II

[35]

Abexinostat(PCI-24781)

Lymphoma, or chronic lymphocytic leukemia

Phase I

[36]

Entinostat(MS-275)

Breast cancer

Phase II

[37]

Mocetinostat(MGCD0103)

Metastatic leiomyosarcoma

Phase II

[38]

Tacedinaline(CI-994)

Multiple myeloma and lung cancer

Phase III

[20]

Ricolinostat(ACY-1215)

Multiple myeloma

Phase I/II

[39]

Chidamide(CS055)

Solid tumor and non-small cell lung cancer

CPDA approved

[40]

Romidepsin(FK288)

T-Cell Lymphoma

FDA approved

[41]

Valproic acid(VPA)

Adenoid cystic carcinoma

Phase I

[42]

Phenylbutyrate

Recurrent

Phase I

[43]

malignant

gliomas

or

myelodysplastic syndrome
AR-42

Myeloid leukemia

Phase I

[44]

CUDC-101

Head and neck squamous cell carcinoma

Phase I

[45]

Fimepinostat(CUDC-907)

Lymphoma

Phase I

[46]

Substantial evidence has documented roles for HDACs in innate immune pathways [47].
HDACs regulate mature macrophage and dendritic cell (DC) function by controlling expression
of inflammatory cytokines [48]. It has been proven that HDAC inhibitors are effective in animal
models of several inflammatory diseases, such as chronic obstructive pulmonary disease
(COPD) [49], asthma [50] and arthritis [40]. Of particular interest, HDAC inhibitors are
observed to be effective at 10-100 fold lower doses in the treatment of inflammation than
those used for treatment of cancer [52]. Inhibition of HDACs can suppress inflammatory
activation of synovial macrophages from patients with rheumatoid arthritis [53]. Inhibition of
HDAC 1, 2 and 3 by Entinostat in a COPD mouse model led to increased activity of NF-κB,
increased translocation towards the anti-inflammatory IL-10 promoter and subsequently
increased expression of IL-10 [54]. Treatment of HDAC 6 selective inhibitor Tubastatin A in a
murine asthma model can reduce airway inflammation, airway remodeling, and airway
hyperresponsiveness [55]. All these evidences indicate that HDAC isoforms play crucial roles
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in inflammation. However, a remaining challenge is to develop selective inhibitors for the
different HDAC isoenzymes, and to unravel the functions of these HDAC isoenzymes in specific
disease models.

4. Design of HDACs antagonists
Most small molecular HDAC inhibitors were designed according to a general pharmacophore
model that consists of three parts: (i) a zinc binding group (ZBG) to chelate the catalytic zinc
ion; (ii) a linker to occupy the tunnel of the active site; (iii) a cap to close the entrance of the
active site (Figure 1). In fact, this model for the HDAC pharmacophore composition is
sufficiently powerful to build up the vast majority of HDAC inhibitors and is widely used since
it was proposed by Jung in 1997 [56].

Figure 1. Chemical structure of representative hydroxamic acids (Vorinostat) and o-aminoanilides
(Entinostat).

So far, the most well-studied ZBGs are hydroxamic acids and o-aminoanilides. Studies on
structure activity relationships (SAR) of ZBGs have shown that hydroxamic acid group mainly
target on class I, II and IV HDACs, while the o-aminoanilines mainly target class I HDACs [57].
Further modification for o-aminoanilines demonstrated that a fluorine substitution in C-4
contributed to a better selectivity for HDAC 3, while an aromatic substitution in C-5 provided
a loss in potency for HDAC 3 [6,58,59]. The linker also affect the selectivity of HDAC inhibitors.
Inhibitors with a linear alkane linker and a hydroxamic acids zinc binding group are commonly
non-selective among HDACs. In contrast, inhibitors with an aromatic linker or a substituted
alkane linker and a hydroxamic acid ZBG commonly showed selectivity for HDAC 6 or/and
HDAC 8 [60]. Inhibitors with an o-aminoaniline ZBG and a linear alkane linker displayed
preference for HDAC 3 [61], while inhibitors with the same ZBG and an aromatic linker show
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non-selectivity for class I HDACs. Also the cap groups influence the potency and selectivity of
HDAC inhibition [62].
The flexibility in the design of the cap groups of HDAC inhibitors enable a new strategy to
design and develop dual acting or multi-targeted HDAC inhibitors. Combination of appropriate
ZBGs and linkers of HDAC inhibitors with pharmacophores of small molecule modulators of
other targets provides hybrid molecules that target both HDAC and another protein of interest
at the same time [63]. Combination of HDAC inhibitors with other inhibitors that target
alternative cancer related mechanism has become a new trend to achieve synergistic effects
in cancer drug discovery [64]. An example of this is CUDC-101 (Figure 2), which is a hybrid of
Vorinostat and erlotinib with a nanomolar potency against HDACs, EGFR and

human

epidermal growth factor receptor 2 (HER2) simultaneously. This multi-targeted inhibitor is
already in a phase I clinical trial to treat head and neck squamous cell carcinoma [45]. Another
HDAC/PI3K dual inhibitor, CUDC-907 (Fimepinostat), is granted fast track designation by FDA
to treat relapsed or refractory diffuse large B-cell lymphoma in phase I clinical trial [46]. More
dual HDAC inhibitors, such as HDAC/BET inhibitors [65], HDAC/JAK inhibitors [66], are
developed and provide synergistic anti-cancer activity, which indicates that development of
dual HDAC inhibitors is an attractive therapeutic strategy for cancer treatment.

Figure 2. Chemical structure of CUDC-101.

Another way to make multi-targeted ligands is application of the novel proteolysis targeting
chimera (PROTAC) technology. This technology implies linkage of an inhibitor of the target of
interest to an E3 ubiquitin ligase ligand to trigger ubiquitination. The resulting ubiquitination
of the target of interest triggers subsequent degradation [67]. The PROTACs are
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heterobifunctional molecules, which consist of three parts: a ligand for binding the respective
protein target, a ligand for recruiting an E3 ligase and a linker connecting these two ligands
[69]. This strategy has recently been applied to HDACs [68]. In 2018, the first HDAC 6 directed
PROTAC was developed by connecting a nonselective hydroxamic acid HDAC inhibitor to a
cereblon (CRBN) ligand [70]. Later, a PROTAC targeting HDAC 1 and 2 was developed by
tethering o-aminoanilide with a ligand for the von Hippel−Lindau E3 ligase [71]. This PROTACtreatment of HCT116 cells with 10 μM concentration for 24 h led to degradation of HDAC 1
and HDAC 2. The new technology of PROTAC provides a novel approach to develop selective
modulators of HDAC protein levels, which provides a conceptually novel approach for drug
development.

Figure 3. Chemical structure of HDAC 6 degrader.

Scope of the thesis
The current achievements in epigenetic therapeutics, such as HDAC inhibitors, demonstrate
their great potential and have fortified the quest for conceptually novel HDAC inhibitors.
Although the roles of HDACs in many cellular pathways and functions have been elucidated,
further studies are necessary to disclose their functions in specific disease models. Also,
development of conceptually novel HDAC inhibitors holds potential to advance this field.
Design of ligands according to the PROTAC-strategy provides opportunities to reduce the
HDAC protein levels. Moreover, design of multi-targeted ligands provides opportunities to
effectively interfere with signaling pathways involved in cell proliferation. The work described
in this thesis aimed to apply such novel approaches in design and synthesis of small molecules
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as HDAC antagonists. We also study their application in model systems for inflammatory
airway diseases and cell proliferation in cancer.
In Chapter 2, we review the development and perspectives of selective HDAC 3 inhibitors,
such as the role of HDAC 3 in inflammation and degenerative neurological diseases.
Furthermore, we analyze structural difference between the active sites of HDAC 3 and HDAC
1/2 in order to support further development of HDAC 3 selective inhibitors. In addition, we
summarized the currently known HDAC 3 selective inhibitors. Altogether, this provides a
perspective for development of HDAC 3 inhibitors with improved selectivity and potency and
their potential application in drug discovery projects.
In Chapter 3, we developed a series of Entinostat analogs and investigated their structureactivity relationship in inhibitory selectivity among HDAC 1, 2 and 3. Then, we studied their
respective influence on gene transcription to facilitate drug discovery. Further cell based
studies were done to explore the influence of synthesized HDAC inhibitors on the activity of
the NF-κB pathway and pro- and anti-inflammation gene transcriptional levels in RAW264.7
macrophages.
In Chapter 4, a new technology, proteolysis targeting chimera (PROTACs), was applied to
develop small molecules to degrade HDAC 3 in RAW264.7 cells. A series of class I HDAC
degraders were synthesized by tethering o-aminoanilide-based class I HDAC inhibitors to
pomalidomide as cereblon ligand. Western blot was employed to validate the degradation
effect of these HDAC-PROTACs (HD-TACs) in cells. One of these HD-TACs showed promising
degradation effects for HDAC 3 with a DC50 value of 0.32 µM. The pro- and anti-inflammatory
gene transcriptional levels in the PROTAC-treated cells were also investigated, but did not alter
the same way as observed in biochemical experiments using siRNA. We found this was
attributed to side-effect of cereblon ligand by downregulation of the NF-κB p65 subunit.
In Chapter 5, we designed and synthesized a dual HDAC-MIF inhibitor by linking the
pharmacophores of a HDAC inhibitor to a MIF inhibitor. Cell viability upon dual inhibitor
treatment was examined among several non-small cell lung carcinoma (NSCLS) cell lines.
H1650 and A549 EGFR-/- proved sensitive to this HDAC-MIF dual inhibitor. Further study on the
colony formation analysis and flow cytometry in treated H1650 cells and A549 EGFR-/- showed
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promising potency of this inhibitor for the treatment of NSCLC. Western blot analysis showed
that dual inhibitor facilitated cell apoptosis by blocking the AKT pathway.
In Chapter 6, we summarize the work presented in this thesis and discuss for further
perspectives.

1
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The process and strategy for developing selective HDAC 3 Inhibitors

Abstract: Histone deacetylases (HDACs) are epigenetic drug targets that have gained major
scientific attention. Inhibition of these important regulatory enzymes is used to treat cancer,
and has the potential to treat a host of other diseases. However, currently marketed HDAC
inhibitors lack selectivity for the various HDAC isoenzymes. Several studies have shown that
HDAC 3, in particular, plays an important role in inflammation and degenerative neurological
diseases, but the development of selective HDAC 3 inhibitors has been challenging. This
review provides an up-to-date overview of selective HDAC 3 inhibitors, and aims to support
the development of novel HDAC 3 inhibitors in the future.
Keywords: histone deacetylase 3 (HDAC 3); selective; drug discovery; inhibitor; isoenzyme
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1. Introduction
During the last decades, epigenetics has been established as a crucial factor in cancer and
inflammatory diseases [1,2]. Epigenetics encompasses all inheritable changes in gene
expression of eukaryotic cells without changes in the genetic code. This process is carried out
by a range of mechanisms, an important one being the association of DNA with histone and
non-histone proteins, resulting in the formation of chromatin. When DNA interacts tightly
with these proteins, gene transcription is reduced. The histone proteins are subjected to
posttranslational modifications, including methylation, acetylation, phosphorylation, and
ubiquitination, which confer epigenetic regulation of gene transcription [3,4]. Acetylation of
histones has become a widely studied process in the last decade, as it has been linked to
various diseases, such as cancer and inflammation [1,3]. Histone acetylation is under the
control of histone acetyltransferases (HATs) and histone deacetylases (HDACs) that acetylate
and deacetylate the N-terminal lysine residues of histones, respectively [5]. HATs transfer
acetyl groups onto the lysine residues of histones, causing them to lose their positively
charged character used for the association with negatively charged DNA. HDACs have the
opposite effect on histone lysine residues, and deacetylation leads to a more condensed
chromatin structure, making it less accessible for the transcription machinery [6,7]. Besides
histones, HDACs also play an important role in the deacetylation of non-histone proteins, such
as α-tubulin, transcription factors, and nuclear transport proteins, and are therefore involved
in several signal transduction pathways [8]. HDACs have been an important drug target to
treat disorders where deacetylation is distorted, such as cancer, but they are also emerging
as a target for other diseases, such as neurological disorders and inflammatory, cardiac, and
pulmonary diseases [9]. In cancer, HDAC inhibitors induce apoptosis of tumor cells by
interfering with cell growth [10–12] and differentiation [10,13]. It is also reported that HDAC
inhibitors work synergistically in cancer therapies for B-cell lymphoma 2 (BCL2) [14] and
therapies targeting TNF-related apoptosis-inducing ligand (TRAIL) [15] and tyrosine kinases
[16]. Besides, HDAC inhibitors enhance sensitivity of cells to DNA damage [17], which indicates
that inhibition of HDACs may play an important role in DNA repair pathways in human cells.
However, a remaining challenge is to develop selective inhibitors for the different HDAC
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isoenzymes, and to unravel the functions of these HDAC isoenzymes in specific disease
models.
HDAC 3 is one of the HDAC isoenzymes for which important roles have been described in
cancer, inflammation, and degenerative neurological diseases [18–20]. Therefore,
development and application of selective HDAC 3 inhibitors is expected to enable drug
discovery. To support the development of novel HDAC 3 inhibitors, this paper reviews the
currently available HDAC 3 selective inhibitors, and discusses new directions in the
development of selective HDAC 3 inhibitors.

2. Results

2

2.1 HDAC Subtypes
To date, 18 HDAC subtypes are known, which are divided into two families and four classes,
based on sequence similarity and cofactor dependency. The first family consists of HDAC
classes I, II, and IV, and comprises the “classical” zinc-dependent HDACs, while class III consists
of the NAD+-dependent sirtuin (SIRT1-7) family [8,9]. Generally, class I HDACs, which are HDAC
1, 2, 3, and 8, are located primarily in the nucleus. Class II HDACs, which comprises class IIA,
including HDAC 4, 5, 7, and 9, and class IIB, including HDAC 6 and HDAC 10, also have major
cytoplasmic functions. HDAC 11 is the only class IV HDAC, and together with HDAC 10, is the
most poorly understood HDAC subtype. The class III sirtuins contain both mono-ADPribosyltransferase and histone deacetylase activity, and are located in the nucleus, the
mitochondria, or the cytoplasm, depending on the isoform [9].
2.2 The Promise of Selective HDAC 3 Inhibition
Class I HDACs are currently the most studied of all HDACs. Apart from HDAC 8, class I HDACs
have a similar structure, especially considering the area near the substrate-binding site [21].
Figure 1 shows part of the crystal structure of HDAC 3 that makes up the active site with the
catalytic zinc ion in grey. A structural alignment of HDAC 3 with HDAC 1 and 2 reveals five
differences [22,23], shown in Table 1. In the outer rim of its cavity, HDAC 3 has an aspartate
residue in position 92, instead of glutamate, found in both HDAC 1 and 2. Furthermore, HDAC
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3 has an additional phenylalanine in position 199, whereas this is not present in HDAC 1 and
2. Instead, structural alignment reveals that a tyrosine residue occupies this location in HDAC
1 and 2. Most notably, the tyrosine in position 107 in HDAC 3 is a serine in HDAC 1 and 2,
which is a difference that has been used to rationalize the identification of HDAC 1/2 selective
inhibitors [24]. In contrast to the serines in HDAC 1 and 2, the tyrosine 107 in HDAC 3 provides
steric hindrance for binding to the foot pocket, thus precluding binding of inhibitors with
larger functional groups in this position [25,26]. Even deeper in the foot pocket in HDAC 1, 2,
and 3, there are different hydrophobic amino acids at positions 29 and 13, thus providing small
structural differences that could be employed for the development of selective binders [26].
It is known that class I HDACs are overexpressed in various human cancers, including cancer
of the stomach, esophagus, colon, breast, ovaries, lung, pancreas, and thyroid [27]. Inhibiting
the class I HDACs might therefore be useful for the treatment of a wide variety of human
cancers. More recently, HDAC inhibitors are under investigation for controlling cancer stem
cells (CSC) in tumors, which are responsible for invasiveness, drug resistance, and relapse of
tumor growth [28]. It is also reported that inhibition of HDAC 3 could induce cell autophagy in
human glioma cells [29], and apoptosis in cholangiocarcinoma [30]. Besides their utilization as
targets in cancer therapy, class I HDACs have gained considerable attention as targets in the
search for treatments for degenerative neurological diseases, such as Alzheimer’s and
Huntington’s disease [20,31–34], chronic inflammatory diseases, like asthma and COPD [35–
38], viral infections [39], especially for human immunodeficiency virus (HIV) [40–42], and
diabetes [22,43–45]. HDAC 3, in particular, is an interesting target in Alzheimer’s disease
[31,46], since it is reported that HDAC 3 plays an important role in maintaining long-term
memory for object location [47]. Moreover, selective HDAC 3 inhibitors can impede
Huntington’s disease-related gene expansion, and thereby protect against cognitive decline
[33]. The benefits for Huntington’s disease may also be related to macrophage migration
inhibitory factor (MIF), which could be downregulated by selective HDAC 3 inhibitor in mice
[34]. With respect to the inflammatory lung diseases asthma and COPD, HDAC 3 is reportedly
an important regulator of inflammation [19,48]. HDAC 3 selective inhibitors can, for instance,
increase the acetylation status of the NF-κB pathway [49]. In precision-cut lung slices (PCLS),
a selective HDAC 3 inhibitor is shown to increase the expression of IL-10, an important antiinflammatory cytokine, and decrease the gene expression of pro-inflammatory cytokines by
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attenuating NF-κB p65 transcriptional activity [48]. HDAC 3 also contributes to the repression
of HIV-1 long terminal repeat (LTR) expression [42], and a selective HDAC 3 inhibitor activates
HIV-1 transcription in the 2D10 cell line, inducing outgrowth of HIV-1 from cells [40]. Moreover,
knocking down HDAC 3 protects pancreatic β-cell from cytokine-induced apoptosis, and could
restore glucose-stimulated insulin secretion (GSIS) [22,44]. Treatment with a selective HDAC
3 inhibitor also reduces hyperglycemia and increases insulin secretion in type-2 diabetes in
mice [43], which indicates that HDAC 3 may be a potential target for the therapy of diabetes.

2

37

Chapter 2

Figure 1. The crystal structure of HDAC 3 (PDB code: 4A69, mesh indicates the catalytic site surface)
showing only the amino acid residues that differ from HDAC 1 and HDAC 2 (presented as stick
structures). The zinc required for catalysis is shown in grey.
Table 1. Excerpt of a structural alignment of HDAC 3 with HDAC 1 and 2 reveals five differences
between HDAC 3, and HDAC 1 and 2. The amino acids are numbered according to the sequence of
HDAC 3.

13

29

92

107

199

HDAC 3

Val

Leu

Asp

Tyr

Phe

HDAC 2

Val

Ile

Glu

Ser

Tyr

HDAC 1

Ile

Ile

Glu

Ser

Tyr

2.3 Available HDAC 3 Selective Inhibitors
Many HDAC inhibitors have been developed, including four U.S. Food and Drug Administration
(FDA) approved anticancer drugs; Vorinostat (SAHA) [50], Belinostat [51], Panobinostat [52],
and Romidepsin [53] (Figure 2). Most of the currently available small molecule HDAC inhibitors
share the same zinc-binding group (ZBG), which binds the zinc ion that is located in the active
site of class I HDACs. To mimic the lysine alkyl side chain, most HDAC inhibitors have a linker
that goes into the hydrophobic tunnel that connects the ZBG to a cap group that is on the edge
of the active site (Figure 2). For the ZBG, the most widely known groups are hydroxamic acids
and o-aminoanilides. Molecules with hydroxamic acids groups, such as Vorinostat, Belinostat,
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and Panobinostat, have the tendency to show non-selective inhibition towards HDAC 1, 2, and
3. The o-aminoanilides mainly target those isoforms, and class I selective inhibitors have been
made with this ZBG. The prime example of an inhibitor with a o-aminoanilide group is
Entinostat (MS-275) (Table 2), which inhibits HDAC 1-3 with IC50 values of 0.19 μM, 0.41 μM,
and 0.95 μM, respectively [19]. Further development of inhibitors in the o-aminoanilide class
led to the development of analogues with selective HDAC 3 inhibition. A well-known example
is inhibitor RGFP966 with an IC50 value of 0.08 μM for HDAC 3, and a lack of potency for other
HDACs at concentrations up to 15 μM [54]. This compound is widely used as a molecular tool
to study the role of HDAC 3. Another selective inhibitor PD106 was developed as a drug
candidate to target Friedreich’s ataxia. This compound has a Ki value of 14 nM for HDAC 3,
which was 10 times lower than the Ki for HDAC 1 [55,56], while its analog, RGFP109, which is
also used as a promising treatment for Friedreich’s ataxia, shows a better potency for HDAC 3
with the Ki value of 5 nM, and 32 nM for HDAC 1 [57]. BRD3308 is also known to be a HDAC 3
selective inhibitor with the IC50 value of 0.064 μM for HDAC 3, but 1.08 μM and 1.15 μM for
HDAC 1 and 2, respectively[22]. This compound also shows potency for the therapy of HIV
infection [40] and diabetes [43,45].
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Figure 2. Chemical structures of HDAC inhibitors that are FDA approved for use in cancer therapy.

Given the potential to target class I HDACs by inhibitors with a o-aminoanilide scaffold, many
derivatives around this scaffold were synthesized (Table 3). For example, compound 1 was
synthesized through on-resin solid-phase peptide synthesis (SPPS), to provide a flexible linker
with amide bonds. This compound provides IC50s for HDAC 1 and HDAC 3, of 83.9 μM and 4.3
μM, respectively [58]. Chen et al. have reported compound 2 as a selective HDAC 3 inhibitor,
with an IC50 of 0.12 μM for HDAC 3, and no inhibition of other HDACs at concentrations up to
30 μM [59]. By using click chemistry-based combinatorial fragment assembly, Suzuki et al.
have screened a series of 504 candidates to obtain compound 3 and 4 as HDAC 3 selective
inhibitors, with IC50s of 0.24 μM and 0.26 μM, respectively [49]. The docking mode of
compound 3 with HDAC 3 showed that the NH2 and CO moieties of the o-aminoanilide group
bind to the zinc ion, and also form two hydrogen bonds with His134 and Gly143. The
phenyltriazole group of the compound fits in the hydrophobic tunnel through hydrophobic
interactions, with another hydrophobic interaction between the thiophene ring in the cap
region, and Pro23 and Phe144 [49]. In another example, chiral compound 5 has an IC50 of 12
nM for HDAC 3, with a 7-fold higher concentration needed for HDAC 2 inhibition, and about
1000-fold higher for HDAC 1. Molecular modeling of inhibitor 5 with HDAC 3 confirmed that
the o-aminoanilide binds the zinc ion, and that the phenyl ring formed a hydrophobic
interaction between the Phe144 and Phe200 residues in the hydrophobic tunnel [60].
Interestingly, another hydrophobic interaction was formed in the cap region with Phe199 [60].
Yu et al. have reported that compound 6 and 7 are two promising HDAC 3 selective inhibitors,
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with 0.35 μM and 0.2 μM potency [61]. These two compounds have IC50 values for HDAC 1
and HDAC 2 higher than 10 μM, and compound 6 showed in vitro efficacy in suppressing the
cancer stem cell subpopulation of triple-negative breast cancer by downregulating β-catenin
[61]. McClure et al. synthesized compound 8 as a selective HDAC 3 inhibitor with IC50 of 1.2
μM, 1.5 μM, and 0.08 μM for HDAC 1, 2, and 3, respectively [62]. More interestingly,
compound 9, which has another fluorine atom in the meta position of the amine of oaminoanilide, shows a decrease in potency for HDACs, but a better selectivity profile for HDAC
3 [62]. Furthermore, the compounds bearing a fluorine atom in the ortho position of the amine
or amide lose their potency for HDACs [62], indicating that the substitution pattern of oaminoanilides contributes to their selectivity and potency for HDACs.
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2.4. Strategies for Developing Selective HDAC 3 Inhibitors
Many HDAC inhibitors were synthesized, and their isoenzyme selectivity profiles were
investigated. However, fully isoenzyme-selective HDAC inhibitors are rare. Most of the
reported selective inhibitors still inhibit other HDACs to some extent, due to the high structural
similarity in the HDAC enzyme family. The HDAC 3 inhibitors mentioned in this paper are all oaminoanilide derivatives, and the selectivity of most of these compounds is evaluated by
measuring the IC50s. However, for this group of compounds, this might not be the best choice
[55,64]. The classical competitive inhibitors for HDACs with a hydroxamic acid as zinc binding
group bind to these enzymes with rapid-on/rapid-off kinetics. By contrast, the o-aminoanilides
inhibit HDACs through a slow-on/slow-off kinetic mechanism [55]. Consequently, the Ki value
of the o-aminoanilides should be calculated from directly measured kon and koff values of the
inhibitors, rather than through IC50 values. This would provide a better indication of the
selectivity profile of HDAC inhibition for this compound class [25,55,56].
Development of novel zinc binding groups as scaffolds to develop selective HDAC isoenzyme
inhibitors is highly needed. As demonstrated in previous studies, the addition of a fluorine
atom on the o-aminoanilide increases the selectivity and potency to HDAC 3 [61]. This
demonstrates that small structural changes in the zinc binding group greatly influence HDAC
isoenzyme selectivity. In addition, several studies report the application of novel zinc binding
groups including hydroxypyrimidine derivatives [65], (R)-α-amino-ketones [66], 3hydroxypyridin-2-thione derivatives [67], N-(5-ethyl-1,3,4-thiadiazol-2-yl)sulfonamides, and
N-thiazol-2-yl sulfonamides [68] (Figure 3). Further development of these scaffolds might
provide HDAC inhibitors with completely new isoenzyme selectivities. We also note that
currently, the linker and cap groups of HDAC inhibitors mainly consist of rigid aromatic
functionalities. It would be interesting to explore novel chemical spaces for the linker and cap
groups by application of non-aromatic functionalities that are rich in sp3-hybridized atoms.
Altogether, we envision that exploring novel chemical space around the zinc binding group
and in the linker and cap group of HDAC inhibitors has great potential to come up with novel
isoenzyme selective inhibitors. This will enable targeting of a diverse array of disease
conditions in which these isoenzymes play distinct roles.
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2
Figure 3. The zinc binding group of HDAC inhibitors. (A) The most studied zinc binding groups of HDAC
inhibitors. (B) Novel zinc binding groups of HDAC inhibitors.

3. Conclusions
For over two decades, HDACs have been considered as attractive targets in drug discovery. A
large number of HDAC inhibitors have been developed and patented, and a substantial
amount has entered clinical trials. Moreover, the FDA has approved four HDAC inhibitors for
the treatment of cancer patients in the United States. However, all of the HDAC inhibitors in
clinical use are pan-HDAC inhibitors. To improve the current generation of clinically applied
HDAC inhibitors and to apply them in other diseases, selective HDAC inhibitors have been
developed as tools to unravel the function of individual HDAC isoenzymes, and as lead
compounds in drug discovery. During recent years, HDAC inhibitors have been investigated as
anticancer agents in combination therapies, and their effect on inflammatory and
degenerative neurological diseases has been evaluated.
HDAC 3 has gained particular attention for its regulatory effect in cells, although further
studies of the biological function of HDAC 3 are still needed. Moreover, the development of
selective HDAC 3 inhibitors has proven to be a challenge. This is particularly attributed to the
high structural similarity between the various zinc-dependent HDAC isoenzymes. As a result,
a limited number of selective HDAC 3 inhibitors is available, and a confined chemical space
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has been explored for inhibition of this particular isoenzyme. In future studies, a larger
chemical space needs to be investigated, in order to find isoenzyme-selective HDAC inhibitors
with favorable physiochemical properties.
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The effects of selective class I HDAC inhibitors on inflammatory gene expression

Abstract: Histone deacetylases (HDACs) play an important role in cancer, degenerative
diseases and inflammation. The currently applied HDAC inhibitors in the clinic lack selectivity
among HDAC isoforms, which limits their application for novel indications such as
inflammatory diseases. Recent, literature indicates that HDAC 3 plays an important role
among class I HDACs in gene expression in inflammation. In this perspective, the development
and understanding of inhibitory selectivity among HDACs 1, 2 and 3 and their respective
influence on gene expression need to be characterized to facilitate drug discovery. Towards
this aim, we synthesized nine structural analogs of the class I HDAC inhibitor Entinostat and
investigated their selectivity profile among HDACs 1, 2 and 3. We found that we can explain
the observed structure activity relationships by small structural and conformational
differences between HDAC 1 and HDAC 3 in the ‘lid’ interacting region. Cell-based studies
indicated, however, that application of inhibitors with improved HDAC 3 selectivity did not
provide an anti-inflammatory response in contrast to expectations from biochemical evidence
in literature. Altogether, in this study, we identified structure activity relationships among
class I HDACs and we connected isoform selectivity among class I HDACs with pro- and antiinflammatory gene transcription in macrophages.
Keywords: Histone deacetylases inhibitors (HDACi), Entinostat, NF-κB activity, inflammation.
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1. Introduction
Histone deacetylases (HDACs) play an important role in cancer, degenerative diseases and
inflammation. Currently, HDAC inhibitors are in clinical use for the treatment of cancer.
However, they often lack selectivity among HDAC isoforms, which limits their application for
novel indications such as inflammatory diseases. Recent literature indicates that HDAC 3 plays
an important role among class I HDACs in gene expression in inflammation (as reviewed [1]).
In this perspective, the development and understanding of inhibitory selectivity among HDAC
1, 2 and 3 and their respective influence on gene expression need to be characterized to
facilitate drug discovery.
HDACs are a family of enzymes that deacetylate lysine residues of histones and non-histone
proteins. Deacetylation of lysine residues in histones leads to a more condensed chromatin
structure and makes DNA less accessible for gene transcription [2]. To date, eighteen HDAC
isoenzymes have been identified, and they are divided into four classes based on their
structural similarity [3,4]. Class I HDACs, which include zinc-dependent HDAC 1, 2, 3 and 8, are
well-known for their importance in gene expression, survival, and proliferation in cells [5].
Therefore, small molecule inhibitors of class I HDACs have been considered as potential
therapeutics in cancer [6], neurological disorders [7], inflammatory diseases [8] and also
cardiac and pulmonary diseases [4]. Most of the currently available HDAC inhibitors share the
same structural characteristics i.e. they contain: 1) a zinc-binding group (ZBG) to bind the zinc
ion of the active site of class I HDACs, 2) a linker part that mimics the lysine side chain and 3)
a cap group that binds to the edge of active site. In our study, we selected Entinostat as a class
I selective HDAC inhibitor to explore structure activity relationships for selectivity among class
I HDAC isoforms and its respective influence on pro- and anti-inflammatory gene expression
in macrophages.
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Figure 1. Chemical structures of HDAC inhibitors with an o-aminoanilide core structure Entinostat,
Mocetinostat and Chidamide. The general design of HDAC inhibitors with a zinc binding group (blue),
a linker (pink) and a cap (red) is shown.

It has been shown that HDACs are important regulators in immune responses [9,10].
Therefore, development of HDAC inhibitors as new immunomodulatory therapeutics holds
promise for development of therapeutics in inflammation [11] and cancer [12,13].
Interestingly, there are currently several clinical trials ongoing that aim to evaluate the synergy
for combination of HDAC inhibitors and immune therapies in cancer [12,13]. Increasing
evidence indicates that HDAC inhibitors play key roles in regulation of the immune cells in
their respective microenvironment in immune reactions [13,14]. Key players in the immune
microenvironment are macrophages, which can secrete both pro-inflammatory cytokines
such as Tumor Necrosis Factor-α (TNF-α) and anti-inflammatory cytokines such as Interleukin10 (IL-10) [15,16].
In the context of airway inflammation, our previous works demonstrates that the class I HDAC
inhibitor Entinostat has anti-inflammatory effects upon cigarette smoke exposure in vivo in a
mouse model. The anti-inflammatory effect observed in mice could mechanistically be
explained by in vitro studies in Lipopolysaccharides (LPS) / Interferon  (INF) - stimulated
murine RAW 264.7 macrophages. Upon Entinostat treatment increased acetylation of the
nuclear factor-κB (NF-κB) transcription factor, increased nuclear localization and increased
binding to the IL-10 promotor region. This provides a mechanistic explanation of the observed
upregulation of IL-10 expression, which is an anti-inflammatory cytokine [8]. Nevertheless, in
the murine macrophage model we found upregulation of the expression of both pro- and antiinflammatory genes [8], which indicates a mixed effect in vitro. The observed effects on the

61

3

Chapter 3

expression of both pro- and anti-inflammatory genes by the class I HDAC inhibitor Entinostat
call for further investigation of the role of HDAC inhibitor selectivity in the regulation of proand anti-inflammatory gene expression.
Here, we synthesized several analogues of Entinostat and investigated the selectivity profile
of these analogues among class I HDACs 1, 2 and 3 and their effects on pro- and antiinflammatory gene expression. Structure activity relationship (SAR) for small structural
variations in the area between the linker and the lid region of the inhibitor were investigated.
Subsequently, the influence of HDAC inhibitor selectivity on inflammatory gene expression
was assessed using LPS/INF-stimulated murine macrophages.
2. Results and discussion
2.1 Synthesis

The synthetic routes to obtain the desired compounds are outlined in Scheme 1, 2 and 3. The
o-aminoanilide derivatives 4a, 4b and 4d were prepared in two steps (Scheme 1). A reductive
amination reaction was used to obtain 3a, 3b and 3d with yields between 45%-75%. Amide 3c
was prepared from 4-(methoxycarbonyl)benzoic acid and aniline by a condensation reaction
using EDCI and HOBt as reagents in a yield of 81%, followed by hydrolysis of the ester using
lithium hydroxide to obtain compound 4c in a yield of 54%. Compounds 4a-d were obtained
by a condensation reaction from 3a-d with o-phenylenediamine using EDCI and HOBt as
reagents in a yield of 30%-61%.
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Scheme 1. Reagents and conditions: a) EDCI, HOBt, CH2Cl2, Et3N,r.t. overnight; b) LiOH, CH2Cl2, r.t., 3 h;
c) 50 oC, 6 h; NaBH3CN, methanol, r.t. , overnight; d) o-phenylenediamine, EDCI, HOBt, DCM, Et3N, r.t.
overnight.

The pure enantiomers of 4b were prepared in four steps starting from commercially available
(R)-(+)- or (S)-(-)-1-(4-bromophenyl)ethylamine and iodobenzene (Scheme 2). The first step
was done by an Ullmann reaction to couple 1-(4-bromophenyl)ethylamine and iodobenzene
using L-proline and CuI to give 7a and 7b with yields around 33%. Compounds 7a and 7b were
subjected to cyanation using zinc cyanide with tetrakis(triphenylphosphine)palladium(0) as
catalyst to obtain 8a and 8b with a yield of about 57%. The cyanides 8a and 8b were
hydrolyzed and coupled with o-phenylenediamine to obtain desired compounds 10a and 10b
in a yield of around 30%.

Scheme 2. Reagent and conditions: a) K2CO3, L-Proline, CuI, DMSO, 80 oC, overnight; b) Zn(CN)2,
Pd3(PPh)4, DMF, 105 oC, overnight; c) 12 N HCl, 100 oC, overnight; d) EDCI, HOBt, CH2Cl2, r.t., overnight.

Compounds 15a-c were obtained in two or three steps (Scheme 3). Compound 12a was
produced by using an Ullmann reaction in which 6-aminohexanoic acid and phenyliodide were
coupled using deanol and CuI in alkaline conditions [17]. Carboxylates 12a-c were coupled
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with N-Boc-1,2-phenylenediamnie to give the Boc protected 14a-c with low to moderate
yields (6-66%). Boc deprotection was achieved by trifluoroacetic acid treatment to obtain the
final product 15a-c.

Scheme 3. Reagents and conditions:a) CuI, K2CO3, deanol, H2O, 85 oC, overnight; b) EDCI, HOBt, CH2Cl2,
r.t. overnight; c) TFA, CH2Cl2, r.t. 2h.
2.2 HDAC inhibition

The resulting collection of HDAC inhibitors was tested for HDAC inhibition using procedures
to assay HDAC activity as described previously by us [18] and others. The IC50 values of HDAC
inhibitors for HDAC 1, 2 and 3 are listed in Table 1, 2 and 3. In line with prior reports, Entinostat
provided IC50’s in the nM range [8,19]. The structure activity relationships show that
replacement of the ‘lid’ region of Entinostat by a phenyl, as present in 4a, results in a loss of
potency for HDAC 1 and 2, whereas the HDAC 3 inhibition remains similar. Using the
compound collection 4a, 4b, 4c and 4d, we probed the selectivity profile among HDACs 1, 2
and 3 (Table 1) by variation of the benzylic position between the ‘linker’ and the ‘lid’ region.
We observed that introduction of a methyl or a carbonyl in the benzylic position provides
inhibitors 4b and 4c with respectively 10- or 20-fold reduced inhibitory potency for HDAC 3
compared to much smaller changes for HDAC 1 and 2. Introduction of a methyl on the
benzylamine nitrogen in 4d provides much smaller changes in affinity. The two enantiomers
of 4b are also tested for HDAC 1, 2 and 3 inhibition. The IC50 values show that S-(-)enantiomer
10a and R-(+)-enantiomer 10b are displaying the same selective profile among HDACs 1, 2 and
3, but R-(+)-enantiomer 10b shows 2 times better inhibitory potency .
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Table1. IC50 values of Entinostat and 4a-d for HDAC 1, HDAC 2 and HDAC 3. Data are presented as
mean values (in µM) ± SD.
Name

HDAC 1

HDAC 2

HDAC 3

0.19±0.04

0.41±0.09

0.95±0.19

4a

1.0±0.1

1.4±0.05

0.6±0.05

4b

2,3±0.2

7.0±0.5

8,5±0.5

10a

2.4±0.6

8.3±0.8

11±0.7

10b

1.3±0.1

4,2±0.6

5.0±0.1

4c

3.0±0.4

5.4±0.3

16±2.2

4d

1.0±0.03

0.5±0.01

2.8±0.06

Entinostat

aIC

50

Structure
a

3

values for Entinostat are taken from Leus et al., 2017.

Based on prior literature [20], we set out to explore a series of compounds 15a-c with HDAC
3 inhibitory selectivity (Table 2). Compound 15a shows the highest potency for HDAC 3,
whereas 15b has equal IC50’s for HDAC 1 and 3. Compound 15c has the clearest selectivity
profile with the highest potency for HDAC 3 in the same range as RGFP966.
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Table 2. IC50 values of RGFP966 and compound 15a-c for HDAC 1, 2 and 3. Data are presented as
mean values. (in µM) ± SD.
Name

HDAC 1

HDAC 2

HDAC 3

5.6±1.3

9.7±1.8

0.21±0.06

15a

1.2±0.2

1.3±0.3

0.4±0.05

15b

1.9±0.1

3.7±0.7

1.2±0.1

15c

4.2±0.8

8.1±1.5

0.6±0.07

RGFP966

a IC

50

Structure
a

values for RGFP966 are taken from Leus et al., 2016.

2.3 Docking studies
A molecular modelling study was performed to connect the observed SAR among class I HDACs
1, 2 and 3 to structural information. Towards this aim a selection of the inhibitors was docked
into the active sites of HDACs by the program Discovery studio (Dassault systèmes) version
2018, using the crystal structures of human HDAC 1 (PDB-code: 5ICN), human HDAC 2 (PDBcode: 4LY1) and human HDAC 3 (PDB-code: 4A69). The CDOCKER protocol was employed for
docking by a CHARMm based algorithm. This docking protocol was verified by redocking of
the ligand (4-(acetylamino)-N-[2-amino-5-(thiophen-2-yl)phenyl]benzamide) from the HDAC 2
crystal structure [21]. The ligand was removed from the HDAC 2 crystal structure, and then,
was docked back using the CDOCKER protocol. This provides positions comparable to the
original binding pose in all top 10 lowest CDOCKER energies poses [21] , thus confirming that
the docking protocol can recapitulate the binding pose in the crystal structure of HDAC 2. Next,
we verified the docking protocol for HDAC 1 and 3. We made an overlay of HDAC 1, 2 and 3
on the -carbon atoms of the protein backbone and copied the ligand (4-(acetylamino)-N-[2amino-5-(thiophen-2-yl)phenyl]benzamide) from the HDAC 2 crystal structure 4YL1 into the
active sites of HDAC 1 and 3. Subsequently, the o-aminoanilide core was used as a reference
to evaluate the docking of the inhibitors into the HDAC 1 and 3 active sites. We found that the
docking protocol enables positioning of o-aminoanilide core of the novel inhibitors in HDAC 1
and 3 active site with poses that are very similar to the pose of o-aminoanilide core of the
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reference inhibitor in HDAC 2. The top 10 CDOCKER energies poses were visually inspected
and poses in which the o-aminoanilide core docked outside the active site were discarded. For
all the ligands a high convergence in the position of o-aminoanilide core was observed in the
10 highest ranked poses (examples are shown in Figure S1 and S2). Poses with the lowest
CDOCKER energies are shown as representative poses in all figures.
Firstly, we performed a docking analysis to find an explanation for the 20-fold difference in
HDAC 3 inhibitory potency between 4a and 4c (Figure 2A). The amine and carbonyl of oaminoanilide group in both the reference ligand and tested compounds are embedded in the
active site to chelate the zinc ion in the catalytic center. The phenyl linker moiety of both
compounds forms - stacking with Phe144 and Phe 200 in HDAC 3 to fit the hydrophobic
tunnel of the active site. Interestingly, the docking indicates that compound 4c with the amide
group instead of a benzylic nitrogen between the ‘linker’ and the ‘lid’ doesn’t interact in the
‘lid’ region with the protein surface in contrast to 4a. The amide linkage is connected to a 10fold loss in potency for HDAC 3 and not for HDAC 1 and 2, thereby indicating that binding of
the phenyl to the lid region is key for HDAC 3 binding in contrast to HDAC 1 and 2.
Based on the idea that flexibility is key for HDAC 3 binding we explored a set of compounds
with a flexible linker (Table 2). Because of its clearest preference for binding to HDAC 3, we
focused on compound 15c. This molecule was docked in the active site of HDAC 1 and 3 and
superimposed (Figure 2B). Using this docking we compared the position of the amino acids in
the respective HDAC active sites. A high degree of overlap in the amino acids of the HDAC 1
and HDAC 3 active sites was observed as well as in the docked conformation of 15c. The only
exception is amino acid Asp93 in HDAC 3 compared with Asp99 in HDAC 1 for which the αcarbon atom as well as the amino acid side chain occupy alternative positions. The carboxylic
acid of Asp99 in HDAC 1 is located more towards the outside of active site than Asp93 in HDAC
3. This positional and conformational difference can be attributed to the difference between
Glu98 in HDAC 1 and Asp92 in HDAC 3. In the crystal structure, Asp99 in HDAC 1 is hydrogen
bonded with three water molecules (Figure 2C), whereas Asp93 in HDAC 3 is only hydrogen
bonded to one water molecule (Figure 2D). This could contribute to a higher propensity for
hydrogen bonding to Asp92 in HDAC 3 compared to Asp99 in HDAC 1 thus resulting in a high
affinity of compound 15c for HDAC 3 compared to HDAC 1. Thus, the positional difference
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between Asp99 in HDAC 1 and Asp92 in HDAC 3 provides a structural basis to design inhibitors
with selectivity among these HDAC isoenzymes by targeting the region between the ‘linker’
and the ‘lid’ region of the inhibitors. This adds to the structural understanding of inhibitor
selectivity among HDAC 1, 2 and 3, which is, currently, largely focused on the ‘zinc binding
group’ region [22–25].

A

B

C

D

Figure 2. Docking HDAC inhibitors in the active sites of HDAC 1 and 3. A) Modelling of 4a and 4c in the
active site of HDAC 3. 4a is colored in orange, and 4c is colored in green. The blue mesh indicates the
active site surface of HDAC 3, with a grey-colored zinc atom. B) Alignment of HDAC 1 and 3 structures
docked with compound 15c. HDAC 1 is labeled in green, and HDAC 3 is labeled in blue with a grey
colored zinc atom. The distance between Asp99 in HDAC 1, while Asp93 in HDAC 3 and the compound
is marked in light blue. C) Water coverage of Asp99 HDAC 1 in compound 15c modelling. D) Water
coverage of Asp93 HDAC 3 in compound 15c modelling.

2.4 NF-κB activation
It is known that NF-κB is an important regulator in cytokine secretion of macrophages [18]
[26]. Our previous study has shown that Entinostat restored anti-inflammatory IL-10
expression in LPS/INF-treated macrophages, which is connected to increased NF-κB p65
transcriptional activity, acetylation, nuclear localization, and binding to the IL-10 promoter [8].
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Therefore, we aimed to connect HDAC isoenzyme selectivity to effects on NF-κB
transcriptional activity. Inhibitors with different HDAC selectivity profiles were tested for their
effect on NF-κB transcriptional activity using a reporter gene assay with RAW-Blue cells.
LPS/IFN-stimulated RAW-Blue cells were treated with compounds at non-toxic
concentrations ranging between 1-5 µM (data on cell viability are shown in the supporting
information). The pan-HDAC inhibitor SAHA was used as a reference. As shown in Figure 3,
both Entinostat and 10 upregulated the NF-κB transcriptional activity, whereas RGFP966 and
15c did not show obvious effects on reporter gene expression at the concentrations applied.
Both Entinostat and compound 10b have a preference for HDAC 1 inhibition compared to a
preference for HDAC 3 for RGFP966 and 15c. These results indicate that HDAC 1 inhibition,
rather than HDAC 3 inhibition, plays an essential role in the NF-κB transcriptional activation in
this model.
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Figure 3. Effect of SAHA, Entinostat, RGFP966, 10b and 15c on NF-κB transcriptional activity in
LPS/IFN-stimulated RAW BLUE cells. Cells were treated with the respective HDAC inhibitors at the
indicated concentrations (µM) for 20 h and stimulated with LPS/IFN for the last 4 h of the experiment.
The data shown represent means ± SD of 3 independent experiments. ***p<0.001 and **p<0.01
compared to vehicle treated cells.
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2.5 Gene expression
Subsequently, we investigated the effect of HDAC inhibitors with different selectivity’s among
HDAC 1, 2 and 3 isoenzymes on pro- and anti-inflammatory gene expression. We employed
LPS/IFN-stimulated RAW264.7 cells to monitor expression of tumor necrosis factor α (TNFα),
interleukin-6 (IL-6) and inducible nitric oxide synthase (iNOS) as pro-inflammatory genes and
expression of IL-10 as anti-inflammatory gene [8]. As observed previously, Entinostat
increased the expression of both pro- and anti-inflammatory genes. This effect was also
observed using the inhibitor 4b, which also preferably inhibits HDAC 1 (despite at higher
concentrations compared to Entinostat due to a lower inhibitory potency). On the contrary,
inhibitors with a preference for HDAC 3 inhibition did not show significant effects on gene
expression. These results indicate that small molecule inhibition of HDAC 3 may not be
strongly connected with regulation of pro- and anti-inflammatory gene expression in this
model. This in contrast to previous findings with siRNA mediated downregulation of HDAC 3
downregulated pro-inflammatory gene expression and upregulated expression of IL-10 [27].
Possibly, the structural role of HDAC 3 is more important than its catalytic activity in regulation
of pro- and anti-inflammatory gene expression. On the contrary, this study shows that
inhibition of the catalytic activity of HDAC 1 or/and HDAC 2 is associated with expression of
both pro-inflammatory and anti-inflammatory genes. This indicates a crucial role for the HDAC
1 and HDAC 2 isoforms in the function of macrophages. The stimulation of pro-inflammatory
gene expression by HDAC 1 and/or 2 directed inhibitors indicates a role in activation of the
immune system that could be beneficial in immunotherapy.
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Figure 4. Effects of Entinostat, RGFP966, 15c and 10b on pro- and anti- inflammatory gene expression
of A) IL10, B) iNOS, C) IL6 and D) TNFα in RAW264.7 macrophages. Cells were treated with the
respective HDAC inhibitors at the indicated concentrations (µM) for 20 h and stimulated with LPS/IFN
for the last 4 h of the experiments. Gene expression was analyzed by RT-qPCR. For vehicle treatment,
cells were pre-treated with a proportional dilution of the inhibitor solvent DMSO. Data are shown
represent as mean values ± SD of 2-3 independent experiments. *** p< 0.001 compared to vehicle
treated cells. * p<0.05 compared to vehicle treated cells.

3 Conclusion
In this study, we set out to evaluate the structure activity relationships for selectivity among
the HDACs 1, 2 and 3 by structural variation of the unit between the ‘linker’ and the ‘lid’ region
of o-aminoanilide type HDAC inhibitors. We found that differences in HDAC 1 and HDAC 3
binding can be explained by a structural difference between HDAC 1 and HDAC 3. The Asp92
residue in HDAC 3 occupies a position that is different from the corresponding Asp99 residue
in HDAC 1. The Asp92 in HDAC 3 is positioned closer to the tunnel towards the catalytic site,
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which could provide a higher propensity for hydrogen bonding, which would explain the 10fold differences in potency for HDAC 3 inhibition as observed in this study. Subsequently, we
set out to connect class I HDAC inhibitory selectivity to NF-κB transcriptional activity and proand anti-inflammatory gene expression. We found that HDAC 1 and/or HDAC 2 selectivity
increased the NF-κB transcriptional activity, whereas HDAC 3 selectivity provided no effect.
The same was observed for both pro- and anti-inflammatory gene expression in which HDAC
1 and/or 2 selectivity upregulated gene expression, whereas HDAC 3 selectivity did not
provide significant effects. The lack of effect observed with HDAC 3 selective inhibitors stand
in contrast to previous studies employing siRNA downregulation thus indicating a structural
role for HDAC 3 in inflammatory signaling and not a catalytic role. Altogether, this study
provides a basis to further explore isoenzyme selective class I HDAC inhibitors in applications
involving immune regulation such as inflammatory disorders and oncology.
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4

Experimental section

4.1

Chemistry

4.1.1 General
The solvents and reagents were purchased from Sigma-Aldrich, Acros chemicals or abcr GmbH
without further purification. Reactions were monitored by thin layer chromatography (TLC).
Merck silica gel 60 F254 plates were used and spots were detected under UV light or after
staining with potassium permanganate for the non UV-active compounds. MP Ecochrom silica
32-63, 60Å was used for flash column chromatography. 1H NMR (500 MHz) and 13C NMR (126
MHz) spectra were recorded with a Bruker Avance 4-channel NMR Spectrometer with TXI
probe. Chemical shifts were referenced to the residual proton and carbon signal of the
deuterated solvent CDCl3: δ = 7.26 ppm (1H) and 77.05 ppm (13C), (CD3)2SO: δ = 2.50 ppm (1H)
and 39.52 ppm (13C), CD3OD: δ = 3.31 ppm (1H) and 49.00 ppm (13C). The following
abbreviations were used for spin multiplicity: s = singlet, br. s = broad singlet, d = doublet, t =
triplet, q = quartet, p = quintet, dd = double of doublets, ddd = double of doublet of doublets,
m = multiplet. Fourier Transform Mass Spectrometry (FTMS) was recorded on an Orbitrap XL
Hybrid Ion Trap-Orbitrap Mass Spectrometer to give high-resolution mass spectra (HRMS).
4.1.2 Synthetic procedure 1: Reductive Amination
The respective substituted benzoic acid (4.0 mmol) was dissolved in MeOH (7.0 mL). The
solution was heated to 50 oC and aniline (4.0 mmol) was added into the solution. Then a
catalytic amount of acetic acid (10 drops) was added into the mixture. The reaction was
stirred at 50 oC for 3 h. The mixture was then cooled to room temperature. Molecular sieves
and NaBH3CN (12 mmol) were added and stirring was continued for 16 h. The reaction was
quenched with water (20 mL). The suspension was filtered, and the residue was washed with
water (20 mL, 3 times) and dried to obtain the final product.
4.1.3 Synthetic procedure 2: Amidation Reaction
The respective carboxylic acid derivative (2 mmol) was added into a flask with dry CH2Cl2 (5
mL) and was put on ice. EDCI (2.4 mmol) and HOBt (0.8 mmol) were then added into the
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mixture and the reaction was stirred on ice for 15 min. Then Et 3N (2.0 mmol) was added into
the mixture, followed the amine (2.0 mmol). Subsequently, the mixture was stirred at room
temperature overnight. The reaction mixture was evaporated under reduced pressure. The
residue was purified by flash chromatography using Petroleum ether: EtOAc 5:1 (v/v) as
eluent, to obtain the final product.
4.1.4 Synthetic procedure 3: Ester hydrolysis
Compound 3c (3.8 mmol) was dissolved in THF:MeOH (8 mL: 4 mL) and a solution of LiOH (15
mmol) in water (8 mL) was added. The reaction was stirred at room temperature for 4h until
the solution became homogeneous. The reaction was acidified to pH 1.0 with an aqueous 1
N HCl solution. The solvents were evaporated under reduced pressure, and the residue was
dissolved in the EtOAc:CH2Cl2 (15 mL:15 mL) and washed with water (20 mL, 3 times). The
organic layers were combined, dried over MgSO4 and evaporated to afford the final product.
4.1.5 Synthetic procedure 4: Ullmann Reaction using L-proline
A mixture of iodobenzene (5.0 mmol), (S)- or (R)-4-bromo-phenylethylamine (5.0 mmol),
K2CO3 (10 mmol), CuI (0.50 mmol) and L-proline (1.0 mmol) in DMSO (6 mL) was heated to
60 °C for 20 h. After cooling, the mixture was partitioned between water and EtOAc. The
organic layer was separated, and the aqueous layer was extracted with EtOAc (10 mL). The
combined organic layers were washed with brine (10 mL, 3 times), dried over MgSO4, filtered,
and concentrated under reduced pressure. The residual oil was purified by flash
chromatography using Petroleum ether: EtOAc 15:1 (v/v) as eluent, to afford the product.
4.1.6 Synthetic procedure 5: Cyanation Reaction
The phenylbromide (1.5 mmol), ZnCN2 (3.0 mmol), and Pd[(C6H5)3P]4 (0.15 mmol) were
dissolved in anhydrous dimethylformamide (DMF) (4 mL) under a nitrogen atmosphere. The
yellow mixture was heated to 105 °C for 28 h. Subsequently, the mixture was cooled to room
temperature and an aqueous 1 N NaOH solution (10 mL) was added to quench the reaction.
The mixture was extracted by CH2Cl2 (30 mL, 3 times). The organic layers were combined and
washed with brine (30 mL, 3 times) and dried over MgSO4. Subsequently, the solvent was
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removed under reduced pressure to afford the crude phenylcyanide product that was purified
by flash chromatography (Petroleum ether: EtOAc 15:1(v/v)).
4.1.7 Synthetic procedure 6: Acidic hydrolysis of nitriles
The phenylcyanide (0.40 mmol) was suspended in an aqueous 12 N HCl solution (3 mL) and
heated to 100 °C overnight until the solution became homogeneous. The solvent was
removed under reduce pressure to give the desired compound.
4.1.8 Synthetic procedure 7: Ullmann Reaction using deanol
A 50 mL round bottom flask was filled with iodobenzene (2.0 mmol), 6-aminocaproic acid (3.0
mmol), CuI (0.20 mmol), K3PO4·H2O (4.0 mmol), deanol (3.0 mL) and H2O (5.0 mL). The
atmosphere was replaced for nitrogen gas before heating to 80 oC for 48 h. After cooling to
room temperature, ice (20 g) was added and the pH was adjusted to 4-5 using an aqueous 1
N HCl solution. This solution was extracted with EtOAc (30 mL, 3 times). The organic layer was
washed with brine, and the solvent was removed under reduced pressure. The residue was
purified by flash chromatography, eluted with petroleum ether: EtOAc 1:1 (v/v), to obtain the
desired compound.
4.1.9 Synthetic procedure 8: Boc deprotection
The Boc-protected amine (0.92 mmol) was dissolved in dry CH2Cl2 (6 mL). Subsequently,
trifluoroacetic acid (TFA) (1.5 mL) was added. The mixture was stirred for 2h at room
temperature until the solution became homogeneous. The mixture was extracted with and
aqueous 1 N NaOH solution (20 mL). The organic layer was collected and dried over MgSO 4.
The solvent was removed under reduced pressure to obtain the final product.
4.1.10 4-((phenylamino)methyl)benzoic acid (3a)
The product was obtained using synthetic procedure 1. White solid, yield 53%. 1H NMR (500
MHz, DMSO-d6) δ 7.89 (d, J = 8.2 Hz, 2H), 7.46 (d, J = 8.2 Hz, 2H), 7.04-7.01 (m, 2H), 6.59 –
6.49 (m, 3H), 6.33 (br, s, 1H), 4.34 (s, 2H). 13C NMR (126 MHz, DMSO-d6) δ 167.78, 148.91,
146.11, 130.04, 129.90, 129.76, 129.32, 127.57, 127.52, 116.45, 116.28, 112.81, 112.66, 46.67.

75

3

Chapter 3

4.1.11 4-(1-(phenylamino)ethyl)benzoic acid (3b)
The product was obtained using synthetic procedure 1. White solid, yield 45%. 1H NMR (500
MHz, DMSO-d6) δ 7.86 (d, J = 8.2 Hz, 2H), 7.48 (d, J = 8.3 Hz, 2H), 6.98 – 6.94 (m, 2H), 6.456.43 (m, 3H), 6.21 (d, J = 6.5 Hz, 1H), 4.52 (m, 1H), 1.41 (d, J = 6.8 Hz, 3H). 13C NMR (126 MHz,
DMSO-d6) δ 167.26, 151.40, 147.73, 129.54, 129.42, 128.70(2), 128.67(2), 126.05(2),
112.73(2), 51.95, 24.35.
4.1.12 methyl 4-(phenylcarbamoyl)benzoate (2c)
The product was obtained using synthetic procedure 2. White solid, yield 80%. 1H NMR (500
MHz, Chloroform-d) δ 8.17 – 8.12 (m, 2H), 7.93 (d, J = 8.3 Hz, 3H), 7.65 (d, J = 7.9 Hz, 2H), 7.39
(t, J = 8.0 Hz, 2H), 7.18 (t, J = 7.4 Hz, 1H), 3.96 (s, 3H). 13C NMR (126 MHz, DMSO-d6) δ 166.15,
165.15, 139.53, 139.36, 132.46, 129.63(2), 129.12(2), 128.55(2), 124.41, 120.95(2), 55.03.
4.1.13 4-(phenylcarbamoyl)benzoic acid (3c)
The product was obtained using synthetic procedure 1. White solid, yield 54%. 1H NMR (500
MHz, DMSO-d6) δ 10.35 (s, 1H), 8.01 (d, J = 8.0 Hz, 2H), 7.91 (d, J = 8.0 Hz, 2H), 7.82 (d, J = 7.9
Hz, 2H), 7.35 (t, J = 7.7 Hz, 2H), 7.10 (t, J = 7.3 Hz, 1H). 13C NMR (126 MHz, DMSO-d6) δ 168.23,
165.54, 143.20, 139.21, 134.87, 128.77(2), 128.43(2), 126.63(2), 123.39, 120.23(2).
4.1.14 4-((methyl(phenyl)amino)methyl)benzoic acid (3d)
The product was obtained using synthetic procedure 1. Yellow solid, yield 75%. 1H NMR (500
MHz, DMSO-d6) δ 12.89 (s, 1H), 7.89 (d, J = 8.1 Hz, 2H), 7.32 (d, J = 8.1 Hz, 2H), 7.15 (t, J = 7.9
Hz, 2H), 6.70 (d, J = 8.3 Hz, 2H), 6.62 (t, J = 7.1 Hz, 1H), 4.64 (s, 2H), 3.03 (s, 3H). 13C NMR (126
MHz, DMSO-d6) δ 167.63, 149.35, 145.12, 130.04(2), 129.93, 129.75(2), 129.48(2), 116.53,
112.41(2), 55.70, 39.16.
4.1.15 N-(2-aminophenyl)-4-((phenylamino)methyl)benzamide (4a)
The product was obtained using synthetic procedure 2. Pink solid, yield 36%. 1H NMR (500
MHz, DMSO-d6) δ 10.58 (s, 1H), 8.10 (d, J = 8.2 Hz, 2H), 7.61 (d, J = 8.1 Hz, 1H), 7.58 (d, J = 8.1
Hz, 2H), 7.53 (d, J = 7.7 Hz, 1H), 7.43 (t, J = 7.6 Hz, 1H), 7.35 (t, J = 7.4 Hz, 1H), 7.20 (t, J = 6.8
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Hz, 2H), 7.02 – 6.74 (m, 3H), 4.47 (s, 2H).

13C

NMR (126 MHz, DMSO-d6) δ 165.66, 148.87,

144.65, 139.02, 133.42, 129.30(2), 128.29(2), 127.30(2), 127.12, 126.90, 124.13, 117.13,
116.85, 116.33, 112.83(2), 46.57. HRMS: C20H20ON3 mass expected [M+H]+ 318.16009, found
318.15988.
4.1.16 N-(2-aminophenyl)-4-(1-(phenylamino)ethyl)benzamide (4b)
The product was obtained using synthetic procedure 2. Yellow solid, yield 30%. 1H NMR (500
MHz, Chloroform-d) δ 7.89 (s, 1H), 7.83 (d, J = 8.1 Hz, 2H), 7.46 (d, J = 8.2 Hz, 2H), 7.28 (s, 1H),
7.12 – 7.05 (m, 3H), 6.82 (t, J = 7.2 Hz, 2H), 6.67 (t, J = 7.3 Hz, 1H), 6.48 (d, J = 7.7 Hz, 2H), 4.54
(q, J = 6.8 Hz, 1H), 3.91 (br. s, 2H), 1.53 (d, J = 6.8 Hz, 3H). 13C NMR (126 MHz, Chloroform-d)
δ 171.19, 149.77, 146.89, 140.73, 132.86(2), 129.17(2), 127.82, 127.19, 126.24(2), 125.23(2),
124.56, 119.73, 118.34, 117.61, 113.33, 53.34, 25.05. HRMS: C21H22ON3, mass expected
[M+H] + 332.17574, found 332.17548.
4.1.17 N1-(2-aminophenyl)-N4-phenylterephthalamide (4c)
The product was obtained using synthetic procedure 2. Yellow solid, yield 61%.1H NMR (500
MHz, DMSO-d6) δ 10.40 (s, 1H), 10.27 (s, 1H), 8.13 – 8.08 (m, 5H), 7.79 (d, J = 7.7 Hz, 2H), 7.74
– 7.68 (m, 1H), 7.39 – 7.34 (dt, J = 10.0, 6.2 Hz, 4H), 7.13 (t, J = 7.2 Hz, 1H). 13C NMR (126 MHz,
DMSO-d6) δ 165.21, 160.46, 139.42, 138.11, 137.27, 131.81, 129.13(2), 128.32(2), 128.19,
128.14(2), 127.28, 126.67, 126.23, 126.53, 124.35, 120.96, 120.84. HRMS: C20H18O2N3, mass
expected [M+H] + 332.13935, found 332.13913.
4.1.18 N-(2-aminophenyl)-4-((methyl(phenyl)amino)methyl)benzamide (4d)
The product was obtained using synthetic procedure 2. Yellow solid, yield 41%.1H NMR (500
MHz, DMSO-d6) δ 9.59 (s, 1H), 7.92 (d, J = 8.1 Hz, 2H), 7.32 (d, J = 8.1 Hz, 2H), 7.17 – 7.13 (m,
3H), 6.98 – 6.94 (m, 1H), 6.79 – 6.75 (m, 1H), 6.72 (d, J = 8.1 Hz, 2H), 6.64 – 6.57 (m, 2H), 4.88
(br. s, 2H), 4.64 (s, 2H), 3.05 (s, 3H). 13C NMR (126 MHz, DMSO-d6) δ 165.58, 149.37, 143.58,
143.35, 133.61, 129.46(2), 128.48, 128.40, 127.10, 127.04(2), 126.92, 123.77, 116.50, 116.43,
112.61, 112.54, 99.98, 55.66, 39.23. HRMS: C21H22ON3, mass expected [M+H]+ 332.17574,
found 332.17563.
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4.1.19 (R)- or (S)-N-(1-(4-bromophenyl)ethyl)aniline (7a,b)
The product was obtained using synthetic procedure 4. Yellow solid, yield 32% - 33%.1H NMR
(500 MHz, Chloroform-d) δ 7.50 – 7.34 (m, 2H), 7.26 – 7.23 (m, 2H), 7.11 – 7.07 (m, 2H), 6.67
(t, J = 7.3 Hz, 1H), 6.48 (d, J = 7.9 Hz, 2H), 4.43 (q, J = 6.7 Hz, 1H), 1.50 (d, J = 6.7 Hz, 3H). 13C
NMR (126 MHz, Chloroform-d) δ 146.74, 144.20, 131.80, 131.73, 129.20, 129.13, 127.69(2),
120.55, 117.68, 113.43(2), 53.25, 24.90.
4.1.20 (R)- or (S)-4-(1-(phenylamino)ethyl)benzonitrile (8a,b)
The product was obtained from (R)- or (S)-N-(1-(4-bromophenyl)ethyl)aniline using synthetic
procedure 5. Yellow solid, yield 47% - 57%. 1H NMR (500 MHz, Chloroform-d) δ 7.64 – 7.59 (m,
2H), 7.51 – 7.47 (m, 2H), 7.13 – 7.07 (m, 2H), 6.70 – 6.67 (m, 1H), 6.46 – 6.42 (m, 2H), 4.51 (q,
J = 6.8 Hz, 1H), 4.08 (br. s, 1H), 1.52 (d, J = 6.8 Hz, 3H). 13C NMR (126 MHz, Chloroform-d) δ
151.01, 146.55, 132.70(2), 129.26(2), 126.72(2), 118.93, 117.86, 113.35(2), 110.79, 53.46,
24.97.
4.1.21 (R)- or (S)-4-(1-(phenylamino)ethyl)benzoic acid (9a,b)
The product was obtained from (R)- or (S)-4-(1-(phenylamino)ethyl)benzonitrile using
synthetic procedure 6. Yellow solid, yield 57% - 97%. 1H NMR (500 MHz, Methanol-d4) δ 8.03
(d, J = 8.1 Hz, 2H), 7.48 (m, 5H), 7.29 (d, J = 7.5 Hz, 2H), 4.90 (d, J = 6.2 Hz, 1H), 1.79 (d, J = 6.8
Hz, 3H). 13C NMR (126 MHz, Methanol-d4) δ 165.85, 138.96, 132.68, 130.22(2), 128.49, 128.41,
128.30, 127.67, 126.34(2), 121.42(2), 60.78, 16.01.
4.1.22 (R)- or (S)-N-(2-aminophenyl)-4-(1-(phenylamino)ethyl)benzamide (10a,b)
The product was obtained from (R)- or (S)-4-(1-(phenylamino)ethyl)benzoic acid using
synthetic procedure 2. Yellow solid, yield 30% - 32%. The (S)-N-(2-aminophenyl)-4-(1(phenylamino)ethyl)benzamide [α]20D (c=1, CH2Cl2)= -8.6 ； (R)-N-(2-aminophenyl)-4-(1(phenylamino)ethyl)benzamide [α]20D(c=1, CH2Cl2)= +8.5 .
4.1.23 6-(phenylamino)hexanoic acid (12a)
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The product was obtained using synthetic procedure 7. Yellow solid, yield 16%. 1H NMR (500
MHz, Chloroform-d) δ 7.19 – 7.16 (m, 2H), 6.71 (t, J = 7.3 Hz, 1H), 6.62 (d, J = 7.8 Hz, 2H), 3.12
(d, J = 7.2 Hz, 2H), 2.38 (t, J = 7.4 Hz, 2H), 1.72 – 1.62 (m, 5H), 1.50 – 1.43 (m, 2H). 13C NMR
(126 MHz, Chloroform-d) δ 179.16, 148.14, 129.26(2), 117.50 , 112.97(2), 43.88, 33.87, 29.14,
26.59, 24.45.
4.1.24 tert-butyl(2-(5-(phenylamino)pentanamido)phenyl)carbamate (14a)
The product was obtained using synthetic procedure 2. Yellow solid, yield 46%. 1H NMR (500
MHz, Chloroform-d) δ 8.02 (br. s, 1H), 7.55 – 7.51 (m, 1H), 7.39 (d, J = 8.7 Hz, 1H), 7.33 (q, J =
5.0 Hz, 1H), 7.19 – 7.14 (m, 3H), 6.74 (br. s, 1H), 6.69 (t, J = 7.3 Hz, 1H), 6.59 (d, J = 7.9 Hz, 1H),
6.37 (d, J = 8.7 Hz, 1H), 3.15 – 3.08 (m, 2H), 2.42 – 2.39 (m, 2H), 1.82 – 1.71 (m, 2H), 1.69 –
1.63 (m, 2H), 1.52 – 1.48 (m, 11H).13C NMR (126 MHz, Chloroform-d) δ 204.06, 171.86, 148.37,
130.36, 129.25(2), 126.18, 125.74, 124.52, 121.59, 117.20(2), 112.72(2), 81.11, 43.72, 37.27,
29.24, 28.30(3), 26.71, 25.45.
4.1.25 tert-butyl (2-(6-oxo-6-phenylhexanamido)phenyl)carbamate (14b)
The product was obtained using synthetic procedure 2. Yellow solid, yield 66%. 1H NMR (500
MHz, Chloroform-d) δ 8.30 (br. s, 1H), 7.97 – 7.92 (m, 2H), 7.59 – 7.55 (m, 1H), 7.47 – 7.40 (m,
4H), 7.16 – 7.10 (m, 1H), 7.08 (br. s, 1H), 2.99 (t, J = 7.3 Hz, 2H), 2.38 (t, J = 7.5 Hz, 2H), 1.80 –
1.74 (m, 4H), 1.49 (s, 9H), 1.47 – 1.41 (m, 2H). 13C NMR (126 MHz, Chloroform-d) δ 200.39,
172.25, 154.22, 136.92, 133.05, 130.79, 130.06, 128.61(2), 128.04(2), 126.14, 125.35,
124.53(2), 80.83, 38.28, 36.95, 28.75, 28.32(3), 25.50, 23.75.
4.1.26 tert-butyl(2-(5-oxo-5-(phenylamino)pentanamido)phenyl)carbamate (14c)
The product was obtained using synthetic procedure 2. Yellow solid, yield 66%. 1H NMR (500
MHz, Chloroform-d) δ 8.49 (br. s, 1H), 7.80 – 7.77 (m, 2H), 7.50 – 7.37 (m, 5H), 7.18 – 7.07 (m,
3H), 6.67 (br. s, 1H), 3.46 (q, J = 6.5 Hz, 2H), 2.44 (t, J = 7.1 Hz, 2H), 1.82 – 1.76 (m, 2H), 1.71 –
1.65 (m, 2H), 1.48 (s, 9H). 13C NMR (126 MHz, Chloroform-d) δ 172.70, 168.22, 154.57, 134.80,
131.87, 131.17, 130.29, 128.95, 127.33(2), 126.57, 125.67, 125.54(2), 124.91, 81.25, 39.59,
36.58, 29.19, 28.68(3), 23.01.
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4.1.27 N-(2-aminophenyl)-5-(phenylamino)pentanamide (15a)
The product was obtained using synthetic procedure 8. Yellow solid, yield 90%. 1H NMR (500
MHz, DMSO-d6) δ 9.10 (s, 1H), 7.15 (d, J = 8.8 Hz, 1H), 7.04 (t, J = 7.8 Hz, 2H), 6.88 (t, J = 8.2
Hz, 1H), 6.71 (d, J = 9.0 Hz, 1H), 6.54 – 6.47 (m, 4H), 5.51 (t, J = 5.6 Hz, 1H), 4.81 (s, 2H), 2.98
(q, J = 6.8 Hz, 2H), 2.32 (t, J = 7.4 Hz, 2H), 1.66 – 1.54 (m, 4H), 1.44 – 1.38 (m, 2H). 13C NMR
(126 MHz, Chloroform-d) δ 171.55, 148.36, 140.75, 129.27(2), 127.24, 125.17, 124.36, 119.66,
118.35, 117.23, 112.74(2), 43.68, 36.88, 29.22, 26.74, 25.51.
4.1.28 N-(2-aminophenyl)-6-oxo-6-phenylhexanamide (15b)
The product was obtained using synthetic procedure 8. Yellow solid, yield 96%. 1H NMR (500
MHz, DMSO-d6) δ 9.09 (s, 1H), 7.97 (d, J = 7.1 Hz, 2H), 7.63 (t, J = 7.4 Hz, 1H), 7.52 (t, J = 7.7
Hz, 2H), 7.14 (d, J = 9.1 Hz, 1H), 6.88 (t, J = 8.3 Hz, 1H), 6.70 (d, J = 9.2 Hz, 1H), 6.52 (t, J = 8.2
Hz, 1H), 4.81 (br. s, 2H), 3.04 (t, J = 7.2 Hz, 2H), 2.32 (t, J = 7.4 Hz, 2H), 1.73 – 1.57 (m, 4H),
1.31 – 1.35 (m, 2H). 13C NMR (126 MHz, DMSO-d6) δ 200.56, 171.56, 142.36, 137.19, 133.50,
129.87, 129.22(2), 128.33(2), 126.14, 125.78, 124.00, 116.27, 38.28, 36.12, 28.77, 25.67,
24.05.
4.1.29 N-(5-((2-aminophenyl)amino)-5-oxopentyl)benzamide (15c)
The product was obtained using synthetic procedure 8. Yellow solid, yield 72%. 1H NMR (500
MHz, DMSO-d6) δ 9.10 (s, 1H), 8.49 (t, J = 5.3 Hz, 1H), 7.84 (d, J = 7.3 Hz, 2H), 7.51 (t, J = 7.3
Hz, 1H), 7.45 (t, J = 7.4 Hz, 2H), 7.15 (d, J = 7.7 Hz, 1H), 6.88 (t, J = 7.6 Hz, 1H), 6.70 (d, J = 7.9
Hz, 1H), 6.52 (t, J = 7.5 Hz, 1H), 4.83 (s, 2H), 3.29 (q, J = 6.3 Hz, 2H), 2.35 (t, J = 7.2 Hz, 2H),
1.67 – 1.54 (m, 4H). 13C NMR (126 MHz, DMSO-d6) δ 171.52, 166.56, 142.35, 135.15, 131.51,
128.70(2), 127.68, 127.54, 125.76, 126.18(2), 123.98, 116.30, 39.52, 35.94, 29.31, 23.37.
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4.2 HDAC inhibition study
Black 96-well flat bottom microplates (Corning® Costar®, Corning Incorporated, NY) were used.
Human recombinant C-terminal FLAG-tag, C-terminal His-tag HDAC 1 (BPS Bioscience, Catalog
#: 50051), human recombinant C-terminal FLAG-tag HDAC 2 (BPS Bioscience, Catalog #: 50052)
or human recombinant C-terminal His-tag HDAC 3/NcoR2 (BPS Bioscience, Catalog #: 50003)
were diluted in incubation buffer (25 mM Tris-HCl, pH 8.0, 137 mM NaCl, 2.7 mM KCl, 1 mM
MgCl2, 0.01% Triton-X and 1 mg/mL BSA). 40 µL of this dilution was incubated with 10 µL of
different concentrations of inhibitors in 10% DMSO/incubation buffer and 50 µL of the
fluorogenic Boc-Lys(ε-Ac)-AMC (20 mM, Bachem, Germany) at 37 °C. After 90 min incubation
time 50 µL of the stop solution (25 mM Tris-HCl (pH 8), 137 mM NaCl, 2.7 mM KCl, 1 mM MgCl2,
0.01% Triton-X, 6.0 mg/mL trypsin (porcine pancreas Type IX-S, lyophilized powder, 13,00020,000 BAEE units/mg protein, Sigma Aldrich) and 200 µM Vorinostat) was added. After a
following incubation at 37 °C for 30 min, the fluorescence was measured on a Synergy H1
Platereader (BioTek, USA) with a gain of 70 and an excitation wavelength of 370 nm and an
emission wavelength of 460 nm. GraphPad Prism 5.0 (GraphPad Software, Inc.) was used for
the determination of the IC50 of each inhibitor. Nonlinear regression was used for data fitting.
4.3 Docking study
Docking studies where performed to get insight in the structure activity relationships. All
molecular handlings were done with the program Discovery studio (Dassault systèmes)
version 2018 and the crystal structures of human HDAC 1 (PDB-code:5ICN), human HDAC 2
(PDB-code: 4LY1) and human HDAC 3 (PDB-code: 4A69).
The CDOCKER protocol was used for docking which is a CHARMm based algorithm. Docking
was

verified

by

use

of

the

ligand

(4-(acetylamino)-N-[2-amino-5-(thiophen-2-

yl)phenyl]benzamide) from de crystal structure 4LY1. This ligand contains the zinc-binding
group and the linker group also present in our molecules. First, the ligand was removed from
4LY1 and subsequently docked back in the crystal structure. All 10 poses given show a
comparable position compared to the original pose from the crystal structure.
Also the ligand was placed in HDAC 1 and HDAC 3 after superimposing HDAC 1 and HDAC 3
with HDAC 2 at the C carbon atoms of the backbone. The position of the o-aminoanilide core
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was used as a reference to evaluate the dockings in the HDAC active sites. Docked poses from
all the compounds where the NH2 from the zinc-binding group did not face the zinc in the
same fashion as the reference, were discarded. Poses with the lowest CDOCKER energies were
chosen.
4.4 Cell viability
4.4.1 Cell culture
RAW264.7 macrophages were obtained from the American Type Culture Collection (ATCC;
Wesel, Germany) and cultured in 96-well plate or flasks (Costar Europe, Badhoevedrop, The
Netherlands) at 37 oC under 5% CO2/95% air in Dulbecco’s Modification of Eagle’s Medium
(DMEM) containing GlutaMAX™ (Gibco® by life Technologies, Bleiswijk, The Netherlands)
supplemented with 10% (v/v) heated fetal bovine serum (FBS; Invitrogen, Breda, The
Netherlands), 2 mM additional GlutaMAX™ (Gibco® by life Technology, Bleiswijk, The
Netherlands), 100 U/ml penicillin (Gibco® by life Technologies, Bleiswijk, The Netherlands)
and 100 µg/ml streptomycin (Gibco® by life Technologies, Bleiswijk, The Netherlands). RAW
264.7 cells were used between passage 5 and 16.
4.4.2 MTS assay
RAW264.7 cells were seeded in 96-well plate at the concentration of 25,000 cells/cm2. The
next day, medium was replaced with fresh medium containing HDAC inhibitors at the
indicated concentrations. After 24 h incubation at 37 oC, 20 µl CellTiter 96 AQueous One
Solution reagent (Promega) was added to each well. The cells were incubated at 37 oC for 2 h
in dark. The absorbance at 490 nM was measured using an Synergy H1 plate reader. The
results were plotted as % of control.
4.5 NF-κB activation
RAW-Blue™ cells (InvivoGen, San Diego, CA, USA) are derived from RAW264.7 macrophages.
The secreted embryonic alkanline phosphatase (SEAP) is detected using SEAP detection
medium (QUANTI-Blue™). RAW-Blue cells were seeded at a concentration around 550,000
cells/mL. The cells were treated with 10 ng/mL LPS/IFN for 4 h, after the pre-incubation with
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HDAC inhibitors for 16 h. The detection medium (QUANTI-BLUE) was prepared according to
the manufacturer’s protocol. 20 µl cell supernatant was added into 180 µL detection medium
and incubated at 37 oC for 3 h. The SEAP activity was measured using a Synergy H1 plate
reader with absorbance at 650 nm. The results were plotted as % of control. RAW-Blue cells
were used between passage 4 to 14.
4.6 RT-qPCR
RAW264.7 cells were washed twice with Dulbecco’s Phosphate-buffered Saline (DPBS, Gibco®
by life Technologies, Bleiswijk, The Netherlands) and total RNA was isolated by Maxwell® 16
LEV simplyRNA Tissue Kit (Promega) according to the manufacturer’s protocol. RNA
concentration(OD260) and purity (OD260/OD280) were measured by NanoDrop ND-1000 UV-Vis
spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). Then, RNA was reverse
transcribed to cDNA using the Reverse Transcription Kit (#A3500, Promega). 10 ng of cDNA, 5
µL 2x SensiMix SYBR Lo-ROX and 0.4 µL primers were applied for each RT-qPCR, which was
performed on a QuantStudio(TM) 7 Flex System. For each sample, the real-time PCR were
performed in duplicate. Data analysis was performed with QuantStudio™ Real-Time PCR
Software. Gene expression levels were normalized to the expression of the reference gene
glyceralde-3-phosphate dehydrogenase (GAPDH), which was not influenced by the
experimental conditions resulting in the ΔCt value. Gene expression levels were calculated by
the comparative Ct method (2-ΔΔCt)[28].
Primers for qRT-PCR were as follows:
GAPDH forward, 5’- ACAGTCCATGCCATCACTGC-3’;
GAPDH reverse, 5’- GATCCACGACGGACACATTG-3’;
IL-10 forward, 5’- ATAACTGCACCCACTTCCCAGTC-3’;
IL-10 reverse, 5’- CCCAAGTAACCCTTAAAGTCCTGC-3’;
IL-6 forward, 5’- TGATGCTGGTGACAACCACGGC-3’;
IL-6 reverse, 5’- TAAGCCTCCGACTTGTGAAGTGGTA-3’;
TNFα forward, 5’- CATCTTCTCAAAATTCGAGTGACAA-3’;
TNFα reverse, 5’- GAGTAGACAAGGTACAACCC-3’;
miNOS forward, 5’- CTATCAGGAAGAAATGCAGGAGAT-3’;
miNOS reverse, 5’- GAGCACGCTGAGTACCTCATT-3’;
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Surpporting Information
Docking
The inhibitors were docked in the active site of the enzyme. The molecular modelling studies
were performed in Discovery Studio and the highest scoring docking poses were chosen.

Figure S1. Three of the top five highest scoring poses of compound 4a in HDAC3 (PDB code: 4A69).
The -CDOCKER energy of the red structure pose is 38.3094, from the green structure pose is 37.8068,
from the pink structure pose is 36.7108.
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Figure S2. Three of the top five highest scoring poses of compound 4c in HDAC3 (PDB code: 4A69).
The -CDOCKER energy of the green structure pose is 30.3765, from the orange structure pose is
30.1593, from the pink structure pose is 29.6964.
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Figure S3. IC50 curves of compounds in Table 1 on HDAC 1, 2 and 3.
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Figure S4. IC50 curves of compounds in Table 2 on HDAC 1, 2 and 3.
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Figure S5. Results CellTiter 96 Aqueous One Solution Cell Proliferation Assay to determine viability of
RAW264.7 upon Entinostat, RGFP966, 15c, 4b, 10a and 10b treatment.
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Induced protein degradation of HDAC 3 by PROTAC

Abstract: Histone deacetylases (HDACs) play important roles in inflammatory diseases like
asthma and chronic obstructive pulmonary disease (COPD). Unravelling of and interfering with
the functions of specific isoenzymes contributing to inflammation provides opportunities for
drug development. Here we synthesize proteolysis targeting chimeras (PROTACs) for
degradation of class I HDACs in which o-aminoanilide-based class I HDAC inhibitors are
tethered to the cereblon ligand pomalidomide. One of these PROTACs, denoted HD-TAC7,
showed promising degradation effects for HDAC 3 with a DC50 value of 0.32 µM. In contrast to
biochemical evidence using siRNA, HD-TAC7 showed a minimal effect on gene expression in
LPS/IFNγ-stimulated RAW 264.7 macrophages. The lack of effect can be attributed to
downregulation of the NF-κB subunit p65, which is a known side effect of pomalidomide
treatment. Altogether, we describe a novel PROTAC that enables selective downregulation of
HDAC 3 levels, however we note that concomitant downregulation of the NF-κB subunit p65
can confound the biological outcome.
Keywords: proteolysis targeting chimera (PROTAC), Class I histone deacetylases (HDACs),
Cereblon (CRBN) ligand, NF-κB subunit p65, pomalidomide
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1. Introduction
Acetylation of lysine residues of cellular proteins plays a key role in the regulation of cellular
signal transduction pathways. The turnover of lysine acetylation of histone proteins as well as
non-histone proteins is regulated by lysine deacetylases such as the histone deacetylases
(HDACs) and lysine acetyl transferases such as histone acetyl transferases (HATs). Currently,
eighteen HDAC isoenzymes, which can be divided into four classes, have been discovered. The
classes I, II, and IV contain the zinc-dependent HDACs 1-11, while class III consists of the NAD+dependent sirtuins (SIRT1-7) [1,2]. Among them, class I HDACs, containing HDAC 1, 2, 3 and 8,
are well-known for their importance in cell motility, immunoregulation, and proliferation [3].
In order to exploit these enzymes in drug discovery it is important to identify the roles of these
enzymes in pathology.
Several reports have shown that the class I HDACs 1, 2 and 3 are involved in immune responses
[4–6]. HDACs can affect the acetylation status of transcription factors involved in inflammation,
such as NF-κB. Stability and DNA binding capability of NF-κB are influenced by its acetylation
status (as reviewed [7–9]). Consequently, HDAC inhibition could affect NF-κB acetylation,
which in turn influences expression of inflammatory genes. Previously, we reported antiinflammatory activity for the HDAC 1, 2, and 3 selective inhibitor Entinostat both in vitro and
in vivo, which is connected to upregulation of the anti-inflammatory cytokine Interleukin-10
(IL-10) [10]. Mechanistically this could be linked to increased acetylation, nuclear localization
and IL-10 promotor binding by the p65 subunit of the NF-κB transcription factor. Interestingly,
siRNA mediated knockdown of HDAC 3 upregulated expression of IL-10 in lipopolysaccharides
(LPS) / interferonγ (IFNγ) treated RAW 264.7 macrophages [11]. In contrast, the HDAC 3
selective inhibitor, RGFP966, did not show significant effects on gene expression in RAW 264.7
macrophages [12]. This discrepancy between siRNA mediated knockdown and HDAC3
selective inhibition of deacetylase activity suggests that this proteins functions as a scaffold
rather than as a catalyst in inflammatory signaling.
These results indicate that HDAC isoenzymes have potential in drug discovery but that
inhibition of the HDAC 3 isoenzyme using HDAC 3 selective inhibitor is not sufficient to induce
an anti-inflammatory effect. This problem might be resolved by a novel strategy that utilizes
“Proteolysis targeting chimera (PROTAC)” to “hijack” the natural ubiquitin proteasome system
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(UPS) for degradation of HDAC 3 [13,14]. Towards this aim, PROTACs were designed by
covalent linkage of a selective HDAC inhibitor to a ligand for E3 ubiquitin ligase that are
connected via a linker of variable length. Binding of the PROTACs to both the HDAC and the
E3 ligase induces the formation of a ternary complex. Formation of this complex triggers
subsequent ubiquitination of the target protein and degradation through the ubiquitinproteasome system (UPS) [15–17]. To date, the reported PROTACs mainly contain ligands for
E3 ligases such as Cereblon (CRBN) and Von Hippel-Lindau (VHL) that enable recruitment of
E3 ligase activity to the target protein [18,19]. Considering this, PROTACs can provide
interesting novel tools to study the functional behavior of HDACs, which could ultimately
provide conceptual novel opportunities for drug discovery [13,20].
Prior studies report that PROTAC mediated degradation of HDACs is feasible for class II HDAC6
[21–23] and class III HDAC sirtuin 2 [24]. All the reported HDAC targeting PROTACs contain
pomalidomide derivatives as E3 ligase to recruit CRBN for targeted protein degradation. This
indicates that CRBN can be used as E3 ligase to design PROTACs for HDAC family enzymes.
Substituted o-aminoanilide derivatives bind specifically to the active site of class I HDACs 1, 2
and 3 [25,26]. Two of these inhibitors, Entinostat and CI994, are currently in clinical trials.
Entinostat is in phase II clinical trials, while CI994 is in phase III clinical trials [27] (Figure 1A).
In addition, the o-aminoanilide core provides slow-tight binding [28,29], which might be
beneficial for the development of PROTACs. Therefore, we applied o-aminoanilide as a class I
HDAC binding motif to obtain ligands targeting the active site of HDAC 1, 2 and 3. By
introducing pomalidomide as CRBN E3 ligase ligand, a series of HDAC-PROTACs (HD-TACs)
were synthesized in which the length of the linker between the HDAC inhibitor and the CRBN
ligand were varied (Figure 1B). Here, we report a novel class of class I HDAC directed PROTACs
that include o-aminoanilide-based class I HDAC ligands and pomalidomide as ligand for CRBN
E3 ligase.

99

4

Chapter 4

Figure 1. (A) Chemical structures of representative o-aminoanilide derivatives as class I HDAC
inhibitors (o-aminoanilide scaffold is marked in orange). (B) The concept of PROTAC for targeting
HDACs and design of the class I HDAC PROTACs.

2. Results and discussion
2.1 Chemistry
The synthesis routes of the HDAC-PROTACs (HD-TACs) are outlined in Scheme 1. The ligands
for HDAC 2a and 2b were synthesized starting from Boc-protected ortho-amino aniline or Bocprotected para-fluoro ortho-amino aniline. These building blocks were linked to 4nitrobenzoyl chloride following reported procedures [30,31]. Subsequently, the nitro-group
was reduced to an amine using palladium on carbon (Pd/C) under hydrogen atmosphere to
afford 3a and 3b with yields of 42% and 53%, respectively. A condensation reaction was
applied to couple intermediate 3a with benzyloxycarbonyl (Cbz) protected amino acid linkers
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using EDCI and HOBt as reagents to obtain intermediates 4a-4c in yields between 40 and 60%,
while intermediate 3b was used to obtain intermediate 4d using the same method with a yield
of 56%. The Cbz protective group was removed by hydrogenolysis using Pd/C as a catalyst to
afford compounds 5a-5d with yield between 95 and 99%. Subsequently, 5a-5d were linked to
the CRBN E3 ligase ligands using either 2-(2,6-dioxopiperidin-3-yl)-4-fluoroisoindoline-1,3dione

or

(2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)glycine

using

previously

described procedures [32,33]. The compounds 6a-6d were achieved by coupling compounds
5a-5d

with

(2-(2,6-Dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)glycine

employing

an

amidation reaction. The following Boc-deprotection of compounds 6a-6d provide compounds
7a-7d (code with HD-TAC6, HD-TAC1, HD-TAC5 and HD-TAC7, Scheme 1). Compounds 8a-8c
were formed by substitution reaction of 2-(2,6-dioxopiperidin-3-yl)-4-fluoroisoindoline-1,3dione with compounds 5a-5c. The subsequent Boc-deprotection of compounds 8a-8c afforded
the compounds 9a−9c (code with HD-TAC4, HD-TAC2 and HD-TAC3).

4

Scheme 1. Reaction conditions: (a) 4-nitrobenzoyl chloride, Et3N, DCM, r.t.; (b) H2, Pd/C, methanol, r.t.;
(c) Cbz-protected aliphatic carboxylic acids, EDCI, HOBt, DCM, Et3N, r.t.; (d) (2-(2,6-Dioxopiperidin-3yl)-1,3-dioxoisoindolin-4-yl)glycine, EDCI, HOBt, DCM, Et3N, r.t.; (e) TFA, DCM, r.t.; (f) 2-(2,6dioxopiperidin-3-yl)-4-fluoroisoindoline-1,3-dione, DIPEA, DMF, 80 °C.
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2.2 Biological evaluation
The compounds synthesized above were subjected to HDAC inhibition studies using HDAC 1,
2 and 3, which provided IC50 values that are similar to the IC50 values of CI994 (Table 1). These
results indicate that class I HDAC binding is retained for these HD-TACs. The effects on cell
viability were investigated and showed that more than 80% of RAW264.7 macrophages
survived treatment with HD-TAC1-6 at concentrations up to 10 µM for 24 h. Furthermore, HDTAC1-6 proved to be less toxic than CI994, which inhibited cell proliferation by 30% upon
treatment with 3 µM for 24 h (Figure S2).
Table 1. HDAC inhibitory potencies of HD-TACs.

PROTACs can have highly specific effects on degradation of their targets, because they need
to form stable protein ternary complexes to provide the proper protein-protein interactions
between the E3 ubiquitin ligase and the target protein for ubiquitination and subsequent
degradation [15,27,34]. Therefore, the linker length between the E3 ligase ligand and the
target protein ligands needs to be optimized to improve the potency and selectivity of HDAC
degradation [33,35,36]. Towards this aim, a series of HD-TACs with a variable linker length was
synthesized and their potency to degrade HDACs in macrophages was investigated. We
performed a screening of HD-TACs with different linker lengths at 10 µM for 24 h in RAW264.7
macrophages. Using western blot the protein levels were analyzed (Figure 2), which
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demonstrated an interesting pattern of selectivity and potency with respect to HDAC
degradation. Although all the HD-TACs bind to HDAC 1, none of these HD-TACs obviously
triggered HDAC 1 degradation. HD-TAC3 and HD-TAC5 triggered the most obvious degradation
of HDAC 2, whereas HD-TAC1 and 4 only triggered degradation of HDAC 3. Among the amidecontaining HD-TACs, HD-TAC1 and 5 provided HDAC 3 degradation, while HD-TAC6 did not.
This difference can be attributed to the shorter linker in HD-TAC6 compared to HD-TAC1 and
5. Although HD-TAC3, 4 and 5 triggered degradation of HDAC 3, both the potency and
selectivity of HD-TAC1 appeared to be the best. Therefore, HD-TAC1 was chose as a starting
point to develop a selective HDAC 3 degrading PROTAC. Subsequently, we tested the
degradation potency and selectivity of HD-TAC1 among HDAC 1, 2 and 3 using concentrations
ranging from 1 µM to 100 µM (data on cell viability are shown in the supporting information).
The concentration dependence shows HDAC 3 degradation by HD-TAC1 at concentrations of
10 µM and higher. This might be due to different in sub-cellular localization among HDAC 1, 2
and 3. HDAC 1 and 2 are mainly located in the nucleus, while HDAC 3 is located both in the
nucleus and cytoplasm [37]. However, at concentrations of 30 µM and higher degradation of
HDAC 1 was observed, whereas HDAC 2 degradation was only observed at 100 µM. We also
tested the HDAC 3 degradation effect with HD-TAC1 in A549 cells, however, in these cells
HDAC 3 degradation was not observed in concentrations up to 50 µM (Figure S9). This
indicates that PROTAC mediated degradation also depends on the cell type under
investigation [21,32]. Taken together, we demonstrated that the linker length drives the
selectivity among these HD-TACs, and HD-TAC1 showed selective HDAC 3 degradation at a
lower concentration, whereas this selectivity was not observed at higher concentrations.
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Figure 2. (A) Analysis of the HDAC 1, HDAC 2 and HDAC 3 protein levels upon treatment with HD-TAC16 at 10 µM in RAW 264.7 macrophages. (B) The bands of Figure 2A were quantified using Image J and
plotted. Average and standard deviations of 2 independent experiments are plotted as fold of the
untreated control. (C) Analysis of the HDAC 1, HDAC 2 and HDAC 3 protein levels upon treatment with
HD-TAC1 of a wide range of concentrations for 24h in RAW 264.7 macrophages.

HD-TAC1 was used as a starting point to gain selectivity among HDAC 1, 2 and 3. Towards this
aim, we modified the o-aminoanilide with a fluorine atom (HD-TAC7), which is known to
increase the HDAC 3 inhibitory selectivity [25]. The inhibitory potency among HDACs 1, 2 and
3 was investigated and showed that HD-TAC7 gained selectivity for HDAC 3 (Table2).
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Table 2. HDAC inhibitory potencies of HD-TAC1 and HD-TAC7.

Name

R

HD-TAC1(7b)
HD-TAC7(7d)

HDAC IC50 (µM±SD)
HDAC1

HDAC2

HDAC3

H

0.29±0.01

0.62±0.04

0.52±0.06

F

3.6±0.5

4.2±0.9

1.1±0.1

The concentration dependence of HD-TAC7 towards HDAC 1, 2 and 3 degradation in RAW
264.7 cells was investigated (Figure 3A). HD-TAC7 mediated degradation of HDAC 3 with a
DC50 (50% degradation concentration) value of 0.32 µM as identified by protein quantification
upon western blot analysis (Figure 3B). For HDAC 1 and 2 no significant degradation was
observed. A time-dependent analysis of HD-TAC7 treatment of RAW 264.7 cells displayed fast
respond in cells, and HD-TAC7-induced HDAC 3 degradation reached the maximal effect at 6
h and lasted at least 48 h (Figure 3C and 3D). To explore whether HD-TAC7 affected histone
acetylation level in macrophages, we tested HDAC 3-mediated histone 3 lysine 27 (H3K27)
acetylation level using western blot [38]. As shown in Figure 3E and 3F, HD-TAC7 induced an
increase of H3K27 acetylation in RAW 264.7 macrophages.
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Figure 3. (A) Analysis of HDAC 1, HDAC 2 and HDAC 3 degradation upon HD-TAC7 treatment of RAW
264.7 macrophages for 24 h using Western blot. (B) The bands of Figure 3A were quantified using
Image J and plotted in a graph, which was used for determination of the 50% degradation
concentration by non-linear curve fitting with GraphPad Prism. Average and standard deviations of 23 independent experiments are plotted as percentage of the untreated control. (C) Analysis of HDAC 3
degradation upon HD-TAC7 treatment of RAW 264.7 macrophages for indicated time point using
Western blot. (D) The bands of Figure 3C were quantified using Image J and plotted. Average and
standard deviations of 2 independent experiments are plotted as fold of the untreated control. (E)
Analysis of acetylation level of lysine 27 on histone 3 upon CI994, Pomalidomide and HD-TAC7
treatment of RAW 264.7 macrophages for 24 h using Western blot. (F) The bands of Figure 3E were
quantified using Image J and plotted. Average and standard deviations of 2 independent experiments
are plotted as fold of the untreated control.

Further experiments were done to confirm the importance of both the HDAC ligand as well as
the CRBN ligand for the observed HDAC 3 degradation. Cells were treated with free
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pomalidomide or CI994 to compete with the HD-TAC for binding to CRBN or HDAC respectively.
Cells were pre-treated with pomalidomide or CI994 for 1h, followed by addition of HD-TAC7
for combination treatment during 24h (Figure 4A and 4B). Both combined treatment of HDTAC7 with pomalidomide or CI994 rescued HDAC 3 degradation, indicating that degradation
of HDAC 3 by HD-TAC7 is CRBN-dependent. The proteasome inhibitor Bortezomib also
completely blocked the degradation of HDAC 3 by HD-TAC7 (Figure 4C), indicating that HDAC
3 degradation by HD-TAC7 depends on proteasome activity. These data provide evidence that
HD-TAC7 induces E3 ligase dependent ubiquitination and subsequent proteasome mediated
HDAC 3 degrader.

4

107

Chapter 4

Figure 4. (A) Analysis of the HDAC 3 protein levels in RAW 264.7 macrophages. The cells were pretreated with pomalidomide or CI994 for 1h, and then were added HD-TAC7 for 24 h combination
treatment, while the control cells were treated with CI994 or pomalidomide for 25 h. (B) The bands of
Figure 4A were quantified using Image J and plotted. Average and standard deviations of 2
independent experiments are plotted as fold of the untreated control. (C) Analysis of the HDAC 3
protein levels in RAW 264.7 macrophages. The cells were treated with Bortezomib, HD-TAC7 or the
combination of Bortezomib and HD-TAC7 for 24 h. (D) The bands of Figure 4C were quantified using
Image J and plotted. Average and standard deviations of 2 independent experiments are plotted as
fold of the untreated control.

Subsequently, we investigated the effect of HD-TAC7 treatment on pro- and antiinflammatory gene transcription in RAW 264.7 cells. We employed LPS/IFN-stimulated RAW
264.7 cells to monitor the transcription of tumor necrosis factor α (TNFα), interleukin-6 (IL-6)
and inducible nitric oxide synthase (iNOS) as pro-inflammatory genes and the transcription of
IL-10 as anti-inflammatory gene [10,12]. As observed previously, Entinostat increased the
expression of both pro- and anti-inflammatory genes, and CI994 showed a similar profile
(Figure 5). However, HD-TAC7 did not show significant effects on IL-10 gene expression, which
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is not in line with the biochemical evidence from previous work. In our previous work, we
found that siRNA knockdown of HDAC 3 increased IL-10 gene expression [11]. In addition,
treatment with the class I selective HDAC inhibitor Entinostat upregulated IL-10 gene
expression, which could be connected to increased NF-κB p65 acetylation, increased p65
nuclear localization and increased binding to the IL-10 promoter [10]. HD-TAC7 showed a
similar influence on all the pro- and anti-inflammatory gene transcription levels as
pomalidomide. It was reported that pomalidomide decreased the NF-κB p65 concentration
and promoted the chemosensitization of pancreatic cancer in human pancreatic cancer cells
[39]. We suspected that the failure to reproduce the results from siRNA mediated knockdown
of HDAC 3 using a PROTAC might be attributed to the effect of the CRBN ligand pomalidomide
on the expression levels of the NF-κB transcription factor. Therefore, we analyzed the NF-κB
p65 protein level in HD-TAC7 treated RAW 264.7 cells, together with pomalidomide and CI994
as control (Figure 6A). Interestingly, both treatments with HD-TAC7 and pomalidomide
provide downregulation of NF-κB p65 in RAW 264.7 macrophages. Considering that NF-κB p65
is an active transcription factor of IL-10 [10], the downregulation of NF-κB p65 could be the
reason that HD-TAC7 failed to increase IL-10 gene transcription. Apparently, the use of
pomalidomide as CRBN ligand in PROTACs can downregulate NF-κB p65, thus interfering with
NF-κB signaling. We also tested the potency of pomalidomide analogs, such as thalidomide
and lenalidomide, in the regulation of NF-κB p65 protein expression level. As shown in Figure
6B, pomalidomide analogs also downregulate the NF-κB p65 levels, which indicates these
pomalidomide analogs cannot be used to alleviate the problem of NF-κB p65 downregulation.
Taken together, it is important to note that the effect of pomalidomide and its analogs on NFκB p65 subunit should be taken into consideration in PROTAC design to target HDAC family
enzymes or other proteins.
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Figure 5. Effects of Entinostat, CI994, pomalidomide and HD-TAC7 on pro- and anti-inflammatory gene
expression of (A) IL-10, (B) iNOS, (C) IL-6 and (D) TNFα in RAW 264.7 macrophages. Cells were treated
with the respective HDAC inhibitors at the indicated concentrations (µM) for 24 h and stimulated with
LPS/IFN for the last 4h of the experiments. Gene transcription was analyzed by RT-qPCR. For vehicle
treatment, cells were pre-treated with a proportional dilution of the inhibitor solvent DMSO. Data
shown is represented as mean values ± SD of 2-3 independent experiments. **** p< 0.0001 compared
to vehicle treated-cells. ** p<0.01 compared to vehicle-treated cells.
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Figure 6. (A) Western blot analysis of NF-κB p65 in RAW 264.7 macrophages. RAW 264.7 cells were
incubated with Entinostat, CI994, pomalidomide or HD-TAC7 for 24 h and stimulated with LPS and IFNγ
the last 4h of the experiment. (B) Analysis of NF-κB p65 protein level in RAW 264.7 macrophages using
western blot. Cells were treated with pomalidomide, HD-TAC7, thalidomide or lenalidomide for 24 h.

3. Conclusion
In this study, we reported the development of a novel PROTAC for HDAC3 degradation by
tethering the CRBN ligand pomalidomide and o-aminoanilide-based class I HDAC inhibitors. By
varying the length of the linker between both ligands, we were able to identify HD-TAC1,
which degraded HDAC 3 at 10 µM concentration in RAW 264.7 macrophages, whereas HDAC
1 and 2 were also degraded at higher concentrations. Apparently, even nuclear enzymes such
as HDAC 1 and 2 can be degraded by PROTAC treatment. We note that the PROTAC-mediated
degradation effect depends on the type of cell lines used, since we did not observe HDAC 3
degradation in A549 cells. HDAC 3 selectivity was improved by using a para-fluoro orthoaminoanilide core to provide HD-TAC7. HD-TAC7 showed improved potency and selectivity for
HDAC 3 degradation compared to HD-TAC1 and reached a DC50 value of 0.32 µM in RAW 264.7
macrophages. Controls confirmed that degradation disappears upon competition with the
HDAC ligand as well as the CRBN E3 ligase ligand. Application of HD-TAC7 in LPS/IFNγ
stimulated RAW 264.7 macrophages showed that HD-TAC7 did not significantly affect gene
transcription of IL-10, iNOS, IL-6 and TNFα in contrast to the HDAC inhibitors Entinostat and
CI994. The lack of effect might be caused by a side effect of treatment with the pomalidomide
CRBN E3 ligase ligand since it downregulates the levels of the NF-κB p65 subunit. Thus,
PROTACs using this ligand will unintendedly interfere with signaling via this pathway, which
plays crucial roles in many processes. Collectively, our results contribute to the understand of
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the parameters that are important for the design of PROTACS and provide a basis for
developing this novel type of molecular tools in cell-based studies and ultimately drug
discovery.
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4. Experimental section
4.1 Chemistry
General
The solvents and reagents were purchased from Sigma-Aldrich, Acros chemicals or abcr GmbH
without further purification. Reactions were monitored by thin layer chromatography (TLC).
Merck silica gel 60 F254 plates were used and spots were detected under UV light or after
staining with potassium permanganate for the non UV-active compounds. MP Ecochrom silica
32-63, 60Å was used for flash column chromatography. 1H NMR (500 MHz) and 13C NMR (126
MHz) spectra were recorded with a Bruker Avance 4-channel NMR Spectrometer with TXI
probe. Chemical shifts were referenced to the residual proton and carbon signal of the
deuterated solvent CDCl3: δ = 7.26 ppm (1H) and 77.05 ppm (13C), (CD3)2SO: δ = 2.50 ppm (1H)
and 39.52 ppm (13C) CD3OD: δ = 3.31 ppm (1H) and 49.00 ppm (13C). The following
abbreviations were used for spin multiplicity: s = singlet, br. s = broad singlet, d = doublet, t =
triplet, q = quartet, p = quintet, dd = double of doublets, ddd = double of doublet of doublets,
m = multiplet. Fourier Transform Mass Spectrometry (FTMS) was recorded on an Orbitrap XL
Hybrid Ion Trap-Orbitrap Mass Spectrometer to give high-resolution mass spectra (HRMS).
High-performance liquid chromatography (HPLC) analysis was performed for confirming
purity with a Shimadzu LC-20AD HPLC, with a Shimadzu SP-M20A ELSD detector, and with a
Shimadzu SPD-M20A photodiode array detector. Analytical HPLC was performed using a
Kinetex C18 column (150 mm × 4.6 mm, 5μm) with 15−100% MeCN gradient in H2O as a mobile
phase. Retention time (RT) of HPLC was also reported.
4.6.1 Synthetic procedure 1: Amide Bond Formation
A carboxylic acid derivative (1.0 eq) was dissolved in dry CH2Cl2 (5.0 mL) and cooled on an ice
bath. The coupling reagents EDCI (1.2 eq) and HOBt (0.4 eq) were added to the solution and
the reaction was stirred on ice for 15 min. Then Et3N (2.0 eq) and the amine (1.0 eq) were
added subsequently to the mixture, and it was stirred at room temperature overnight. The
reaction mixture was washed with 1.0 M aqueous HCl (10 mL), saturated aqueous NaHCO3 (10
mL), and brine (10 mL); dried over MgSO4; filtered; and concentrated under reduced pressure.
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The crude product was purified by flash column chromatography and eluted with 20% ethyl
acetate in petroleum ether as a solvent to obtain a white solid product in yields between 40
to 65%.
4.6.2 Synthetic procedure 2: Reduction Reaction
Compounds containing a nitro or Cbz-protective group (1.0 eq) were dissolved in methanol (3
mL). The solution was added to Pd/C (0.1 eq) and the flask was charged with hydrogen (H 2)
gas. The reaction mixture was stirred at r.t. and detected with TLC for a period from 2 h to 18
h until the solution became homogeneous. Finally, the reaction mixture was filtered through
Celite and evaporated under reduced pressure to obtain the final product without further
purification.
4.6.3 Synthetic procedure 3: Nucleophilic Substitution Reaction
Boc protected alkyl amines (5a-5c) (1.1 eq) were added to a stirred solution of 2-(2,6dioxopiperidin-3-yl)-4-fluoroisoindoline-1,3-dione (1.0 eq) in DMF (3.0 mL) and DIPEA (2.0 eq).
The reaction mixture was stirred at 80 °C for 12h. Then the mixture was cooled to room
temperature, poured into cold brine and extracted with EtOAc (3 times, 10 mL). The organic
layers were combined, washed with cold brine and dried over MgSO4. After filtration and
evaporation, the crude residue was purified by flash column chromatography and eluted with
5% methanol in CH2Cl2 to obtain the product with yields ranging from 30 to 60%.
4.6.4 Synthetic procedure 4: Boc deprotection
A Boc-protected compound (1.0 eq) was dissolved in CH2Cl2 (chemical pure, 1.5 mL).
Subsequently, Trifluoroacetic acid (TFA, 1.5 mL) was added. The mixture was stirred at r.t. until
the solution became homogeneous. The mixture was extracted with 1.0 M NaOH (20 mL). The
organic layer was collected and dried over MgSO4, removal of the solvent under reduced
pressure afforded the final product.
4.6.5 tert-Butyl (2-(4-nitrobenzamido)phenyl)carbamate (2a)
tert-Butyl(2-aminophenyl)carbamate (2.08 g, 10 mmol) and Et3N (2.8 mL, 20 mmol) were
added in CH2Cl2 (10 mL), which was cooled to 0 °C. Then, 4-nitrobenzoyl chloride (1.9 g, 10
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mmol) was dissolved in CH2Cl2 (3 mL) and added dropwise to the mixture. Subsequently, the
reaction was stirred at room temperature overnight. Then, the reaction mixture was washed
with a saturated aqueous NaHCO3 solution (10 mL), a 1.0 M aqueous HCl solution (10 mL), and
brine (10 mL). The organic layer was dried over MgSO4, filtered and concentrated under
reduced pressure. The crude product was obtained as yellow solid in an estimated yield of 91%
and used for the next step without further purification. 1H NMR (500 MHz, Chloroform-d) δ
9.78 (s, 1H), 8.32 (d, J = 8.8 Hz, 2H), 8.15 (d, J = 8.7 Hz, 2H), 7.91 (d, J = 8.0 Hz, 1H), 7.29 (t, J =
7.7 Hz, 1H), 7.20 (d, J = 7.8 Hz, 1H), 7.13 (d, J = 7.3 Hz, 1H), 6.70 (s, 1H), 1.53 (s, 9H).
4.6.6 tert-Butyl (2-(4-aminobenzamido)phenyl)carbamate (3a)
The product was obtained using synthetic procedure 2, starting from compound 2a. Yellow oil,
yield 99%.1H NMR (500 MHz, Chloroform-d) δ 8.76 (s, 1H), 7.79 (d, J = 8.6 Hz, 2H), 7.71 (d, J =
7.8 Hz, 1H), 7.31 (d, J = 7.9 Hz, 1H), 7.23 – 7.13 (m, 2H), 6.82 (s, 1H), 6.70 (d, J = 8.6 Hz, 2H),
4.02 (s, 2H), 1.51 (s, 9H).
4.6.7 Benzyl (4-((4-((2-((tert-butoxycarbonyl)amino)phenyl)carbamoyl)phenyl) amino)-4oxobutyl)carbamate (4a)
The product was obtained using synthetic procedure 1, starting from compound 3a. White
solid, yield 42%. 1H NMR (500 MHz, Chloroform-d) δ 9.03 (s, 1H), 8.76 (s, 1H), 7.94 (d, J = 8.6
Hz, 2H), 7.81 (d, J = 7.9 Hz, 1H), 7.73 (d, J = 8.4 Hz, 2H), 7.37 (d, J = 2.6 Hz, 4H), 7.30 – 7.27 (m,
1H), 7.26 – 7.21 (m, 2H), 7.18 (td, J = 7.6, 1.5 Hz, 1H), 6.72 (s, 1H), 5.14 (s, 2H), 4.99 (d, J = 13.1
Hz, 1H), 3.40 – 3.31 (m, 2H), 2.47 – 2.38 (m, 2H), 1.93 (p, J = 6.3 Hz, 2H), 1.52 (s, 9H).
4.6.8 tert-Butyl (2-(4-(5-(((benzyloxy)carbonyl)amino)pentanamido)benzamido)phenyl)
carbamate (4b)
The product was obtained using synthetic procedure 1, starting from compound 3a. White
solid, yield 53%.1H NMR (500 MHz, Methanol-d4) δ 7.94 (d, J = 8.7 Hz, 2H), 7.74 (d, J = 8.7 Hz,
2H), 7.61 – 7.57 (m, 1H), 7.45 – 7.41 (m, 1H), 7.33 (q, J = 7.9, 7.3 Hz, 4H), 7.29 – 7.25 (m, 1H),
7.23 (ddd, J = 6.9, 4.2, 2.0 Hz, 2H), 5.07 (s, 2H), 3.17 (t, J = 6.9 Hz, 2H), 2.43 (t, J = 7.4 Hz, 2H),
1.73 (p, J = 7.4 Hz, 2H), 1.58 (dt, J = 14.0, 7.0 Hz, 2H), 1.50 (s, 9H).
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4.6.9 Benzyl (6-((4-((2-((tert-butoxycarbonyl)amino)phenyl)carbamoyl)phenyl) amino)-6oxohexyl)carbamate (4c)
The product was obtained using synthetic procedure 1, starting from compound 3a. White
solid, yield 40%.1H NMR (500 MHz, Chloroform-d) δ 9.10 (s, 1H), 7.93 (d, J = 8.5 Hz, 2H), 7.80
(d, J = 7.8 Hz, 1H), 7.64 (d, J = 8.2 Hz, 2H), 7.50 (s, 1H), 7.38 – 7.27 (m, 5H), 7.24 (d, J = 7.7 Hz,
2H), 7.17 (td, J = 7.6, 1.5 Hz, 1H), 6.74 (s, 1H), 5.09 (s, 2H), 4.81 (s, 1H), 3.22 (q, J = 6.8 Hz, 2H),
2.37 (t, J = 7.4 Hz, 2H), 1.77 (q, J = 7.6 Hz, 2H), 1.57 (d, J = 7.1 Hz, 2H), 1.52 (s, 9H), 1.41 (q, J =
8.0 Hz, 2H).
4.6.10 tert-Butyl (2-(4-(5-(((benzyloxy)carbonyl)amino)pentanamido) benzamido)-5-fluoro
phenyl)carbamate (4d)
The product was obtained using synthetic procedure 1, starting from compound 3b. White
solid, yield 56%.1H NMR (500 MHz, Chloroform-d) δ 8.95 (s, 1H), 8.21 (s, 1H), 7.88 (d, J = 8.6
Hz, 2H), 7.63 (d, J = 8.4 Hz, 2H), 7.48 (dd, J = 8.7, 5.8 Hz, 1H), 7.36 – 7.29 (m, 5H), 7.26 – 7.19
(m, 2H), 6.83 (td, J = 8.8, 2.8 Hz, 1H), 5.10 (s, 2H), 3.21 (p, J = 6.2 Hz, 2H), 2.37 (t, J = 7.5 Hz,
2H), 1.70 (dq, J = 18.9, 8.8, 8.0 Hz, 3H), 1.61 – 1.51 (m, 3H), 1.48 (s, 9H).
4.6.11 tert-Butyl (2-(4-(5-aminopentanamido)benzamido)phenyl)carbamate (5b)
The product was obtained using synthetic procedure 2, starting from compound 4b. White oil,
yield 95%.1H NMR (500 MHz, Methanol-d4) δ 7.94 (d, J = 8.7 Hz, 2H), 7.74 (d, J = 8.7 Hz, 2H),
7.60 (dd, J = 7.2, 1.8 Hz, 1H), 7.46 – 7.39 (m, 1H), 7.27 – 7.13 (m, 2H), 2.71 (t, J = 7.2 Hz, 2H),
2.44 (t, J = 7.4 Hz, 2H), 1.75 (p, J = 7.4 Hz, 2H), 1.62 – 1.55 (m, 2H), 1.50 (s, 9H).
4.6.12 tert-Butyl (2-(4-(6-aminohexanamido)benzamido)phenyl)carbamate (5c)
The product was obtained using synthetic procedure 2, starting from compound 4c. White oil,
yield 99%. 1H NMR (500 MHz, Chloroform-d) δ 9.23 (s, 1H), 7.96 (s, 1H), 7.93 – 7.89 (m, 2H),
7.76 (dd, J = 7.9, 1.6 Hz, 1H), 7.64 (d, J = 8.4 Hz, 2H), 7.27 (d, J = 1.6 Hz, 1H), 7.18 (dtd, J = 25.1,
7.5, 1.7 Hz, 2H), 7.12 (s, 1H), 2.71 (t, J = 6.8 Hz, 2H), 2.35 (t, J = 7.4 Hz, 2H), 1.74 – 1.69 (m, 2H),
1.51 (s, 9H), 1.50 – 1.45 (m, 2H), 1.39 (qd, J = 7.6, 7.0, 4.3 Hz, 2H).
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4.6.13 N-(2-aminophenyl)-4-(4-(2-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)amino)acetamido)butanamido)benzamide (6a)
The product was obtained using synthetic procedure 2 and 4, starting from compound 5a.
Yellow solid, yield 30%.1H NMR (500 MHz, DMSO-d6) δ 11.12 (s, 1H), 10.17 (s, 1H), 9.55 (s, 1H),
8.18 (t, J = 5.8 Hz, 1H), 7.94 (d, J = 8.5 Hz, 2H), 7.71 (d, J = 8.5 Hz, 2H), 7.64 – 7.56 (m, 1H), 7.16
(d, J = 7.8 Hz, 1H), 7.08 (d, J = 7.1 Hz, 1H), 7.00 – 6.94 (m, 2H), 6.88 (d, J = 8.6 Hz, 1H), 6.79 (d,
J = 9.5 Hz, 1H), 6.60 (t, J = 8.1 Hz, 1H), 5.09 (dd, J = 12.8, 5.4 Hz, 1H), 4.88 (s, 2H), 3.95 (d, J =
5.6 Hz, 2H), 3.18 (dd, J = 5.9, 3.3 Hz, 3H), 2.95 – 2.84 (m, 1H), 2.66 – 2.52 (m, 2H), 2.38 (t, J =
7.5 Hz, 2H), 2.09 – 2.01 (m, 1H), 1.76 (p, J = 7.3 Hz, 2H). 13C NMR (126 MHz, DMSO-d6) δ 173.32,
171.75, 170.57, 169.18, 168.93, 167.80, 165.17, 146.28, 143.61, 142.53, 136.69, 132.52,
129.18, 129.13, 127.14, 126.84, 123.95, 118.55, 117.91, 116.74, 116.61, 111.43, 110.32, 55.39,
49.02, 45.63, 38.67, 34.28, 31.45, 25.48, 22.64. HRMS: C32H31N7O7, mass expected [M+H] +
626,23577, found 626,23578. HPLC: purity 99%, retention time 9.7 min.
4.6.14 N-(2-aminophenyl)-4-(5-(2-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)amino)acetamido)pentanamido)benzamide (6b)
The product was obtained using synthetic procedure 2 and 4, starting from compound 5b.
Yellow solid, yield 27%.1H NMR (500 MHz, DMSO-d6) δ 11.12 (s, 1H), 10.15 (s, 1H), 9.57 (s, 1H),
8.15 (t, J = 5.7 Hz, 1H), 7.94 (d, J = 8.6 Hz, 2H), 7.71 (d, J = 8.7 Hz, 2H), 7.62 – 7.56 (m, 1H), 7.16
(d, J = 7.9 Hz, 1H), 7.07 (d, J = 7.1 Hz, 1H), 7.00 – 6.93 (m, 2H), 6.87 (d, J = 8.6 Hz, 1H), 6.79 (dd,
J = 7.9, 1.1 Hz, 1H), 6.64 – 6.55 (m, 1H), 5.08 (dd, J = 12.8, 5.4 Hz, 1H), 4.89 (s, 2H), 3.94 (d, J =
5.6 Hz, 2H), 3.16 (dq, J = 12.7, 6.6, 5.9 Hz, 2H), 2.96 – 2.82 (m, 1H), 2.68 – 2.52 (m, 2H), 2.36 (t,
J = 7.3 Hz, 2H), 2.04 (dtd, J = 10.9, 5.9, 3.5 Hz, 1H), 1.61 (dt, J = 14.7, 7.2 Hz, 2H), 1.47 (dt, J =
13.9, 6.7 Hz, 2H). 13C NMR (126 MHz, DMSO-d6) δ 173.31, 172.01, 170.56, 169.17, 168.80,
167.80, 165.18, 146.30, 143.61, 142.56, 136.67, 132.52, 129.17, 127.13, 126.84, 123.95,
118.54, 117.92, 116.74, 116.60, 111.40, 110.31, 55.39, 49.02, 45.64, 38.81, 36.51, 31.45, 29.15,
22.87, 22.63. HRMS: C33H33N7O7, mass expected [M+H] + 640,25142, found 640,25156. HPLC:
purity 99%, retention time 9.9 min.
4.6.15 N-(2-aminophenyl)-4-(6-(2-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)amino)acetamido)hexanamido)benzamide (6c)
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The product was obtained using synthetic procedure 2 and 4, starting from compound 5c.
Yellow solid, yield 36%.1H NMR (500 MHz, DMSO-d6) δ 11.12 (s, 1H), 10.15 (s, 1H), 9.57 (s, 1H),
8.13 (t, J = 5.7 Hz, 1H), 7.94 (d, J = 8.3 Hz, 2H), 7.72 (d, J = 8.3 Hz, 2H), 7.60 (t, J = 7.8 Hz, 1H),
7.16 (d, J = 7.8 Hz, 1H), 7.07 (d, J = 7.0 Hz, 1H), 6.97 (q, J = 6.8, 5.6 Hz, 2H), 6.86 (d, J = 8.5 Hz,
1H), 6.79 (d, J = 7.9 Hz, 1H), 6.61 (t, J = 7.5 Hz, 1H), 5.09 (dd, J = 12.8, 5.4 Hz, 1H), 4.92 (s, 2H),
3.93 (d, J = 5.0 Hz, 2H), 3.12 (q, J = 6.5 Hz, 2H), 2.90 (td, J = 17.1, 15.2, 4.9 Hz, 1H), 2.66 – 2.53
(m, 2H), 2.35 (t, J = 7.5 Hz, 2H), 2.09 – 1.97 (m, 1H), 1.61 (p, J = 7.8 Hz, 2H), 1.46 (p, J = 7.1 Hz,
2H), 1.31 (p, J = 7.5, 6.6 Hz, 2H). 13C NMR (126 MHz, DMSO-d6) δ 173.31, 172.08, 170.56, 169.17,
168.71, 167.80, 165.17, 158.29,146.29, 143.48, 142.59, 132.52, 129.14, 127.13, 126.83,
124.01, 118.53, 117.90, 116.82, 116.66, 111.41, 110.30, 55.39, 49.01, 38.97, 36.84, 31.45,
29.36, 26.53, 25.14, 22.63. HRMS: C34H35N7O7, mass expected [M+H]

+

654,26707, found

654,26697. HPLC: purity 99%, retention time 10.6 min.
4.6.16 N-(2-amino-4-fluorophenyl)-4-(5-(2-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin
-4-yl)amino)acetamido)pentanamido)benzamide (6d)
The product was obtained using synthetic procedure 2 and 4, starting from compound 5b.
Yellow solid, yield 36%.1H NMR (500 MHz, DMSO-d6) δ 11.11 (s, 1H), 10.14 (s, 1H), 9.50 (s, 1H),
8.14 (t, J = 5.8 Hz, 1H), 7.93 (d, J = 8.5 Hz, 2H), 7.70 (d, J = 8.8 Hz, 2H), 7.61 – 7.54 (m, 1H), 7.10
(dd, J = 8.7, 6.3 Hz, 1H), 7.06 (d, J = 7.1 Hz, 1H), 6.95 (s, 1H), 6.86 (d, J = 8.6 Hz, 1H), 6.55 (dd, J
= 11.2, 2.9 Hz, 1H), 6.37 (td, J = 8.5, 2.9 Hz, 1H), 5.07 (dd, J = 12.8, 5.4 Hz, 1H), 3.93 (s, 2H),
3.13 (q, J = 6.6 Hz, 2H), 2.97 – 2.82 (m, 1H), 2.63 – 2.52 (m, 2H), 2.35 (t, J = 7.3 Hz, 2H), 2.01
(dd, J = 15.9, 8.8 Hz, 1H), 1.59 (p, J = 7.4 Hz, 2H), 1.47 (q, J = 7.1 Hz, 2H). 13C NMR (126 MHz,
DMSO-d6) δ 173.31, 172.01, 170.55, 169.16, 168.79, 167.79, 165.46, 162.35, 160.45, 155.99,
146.30,145.65, 142.58, 132.52, 129.04, 120.00, 118.43, 117.92, 114.33, 111.40, 110.31, 49.02,
45.63, 38.80, 36.49, 31.45, 28.68, 22.57. HRMS: C33H32FN7O7, mass expected [M+H] + 658,242,
found 658,24164. HPLC: purity 98%, retention time 10.3 min.
4.6.17 N-(2-aminophenyl)-4-(4-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)amino)butanamido)benzamide (7a)
The product was obtained using synthetic procedure 3 and 4, starting from compound 5a.
Yellow solid, yield 17%.1H NMR (500 MHz, DMSO-d6) δ 11.09 (s, 1H), 10.29 (s, 1H), 9.60 (s, 1H),
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7.93 (d, J = 8.7 Hz, 2H), 7.70 (d, J = 8.7 Hz, 2H), 7.59 (dd, J = 8.4, 7.2 Hz, 1H), 7.18 – 7.13 (m,
2H), 7.03 (d, J = 7.0 Hz, 1H), 6.99 – 6.93 (m, 1H), 6.77 (dd, J = 8.0, 1.2 Hz, 1H), 6.69 (t, J = 5.9
Hz, 1H), 6.63 – 6.56 (m, 1H), 5.04 (dd, J = 12.8, 5.4 Hz, 1H), 4.88 (s, 2H), 3.45 – 3.39 (m, 2H),
2.88 (tdd, J = 14.4, 13.9, 5.7, 4.2 Hz, 1H), 2.64 – 2.52 (m, 2H), 2.47 (t, J = 7.2 Hz, 2H), 2.05 –
1.97 (m, 1H), 1.91 (p, J = 7.1 Hz, 2H). HRMS: C30H28N6O6, mass expected [M+H] + 569,21431,
found 569,21423. HPLC: purity 91%, retention time 10.6 min.
4.6.18 N-(2-aminophenyl)-4-(5-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)amino)pentanamido)benzamide (7b)
The product was obtained using synthetic procedure 3 and 4, starting from compound 5b.
Yellow solid, yield 38%.1H NMR (500 MHz, DMSO-d6) δ 11.11 (s, 1H), 10.18 (s, 1H), 9.56 (s, 1H),
7.94 (d, J = 8.6 Hz, 2H), 7.71 (d, J = 8.7 Hz, 2H), 7.60 – 7.55 (m, 1H), 7.14 (dd, J = 15.1, 8.0 Hz,
2H), 7.03 (d, J = 7.0 Hz, 1H), 6.97 (d, J = 16.7 Hz, 1H), 6.78 (d, J = 8.0 Hz, 1H), 6.65 – 6.56 (m,
2H), 5.06 (dd, J = 12.8, 5.5 Hz, 1H), 4.89 (s, 2H), 3.42 – 3.36 (m, 2H), 2.95 – 2.82 (m, 1H), 2.67
– 2.53 (m, 2H), 2.42 (t, J = 7.1 Hz, 2H), 2.10 – 1.97 (m, 1H), 1.67 (dq, J = 26.5, 8.1, 7.6 Hz, 4H).
13C

NMR (126 MHz, DMSO-d6) δ 173.31, 171.98, 170.60, 169.38, 167.78, 165.87, 165.15,

156.02, 146.84, 143.60, 142.52, 136.72, 132.71, 129.21, 129.13, 127.12, 126.84, 123.95,
118.56, 117.66, 116.73, 116.58, 115.60, 114.34, 110.86, 109.52, 49.00, 42.01, 36.56, 31.44,
28.77, 22.65. HRMS: C31H30N6O6, mass expected [M+H] + 583,22996, found 583,22986. HPLC:
purity 96%, retention time 11.1 min.
4.6.19 N-(2-aminophenyl)-4-(6-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)amino)hexanamido)benzamide (7c)
The product was obtained using synthetic procedure 3 and 4, starting from compound 5c.
Yellow solid, yield 31%.1H NMR (500 MHz, DMSO-d6) δ 11.10 (s, 1H), 10.13 (s, 1H), 9.55 (s, 1H),
7.93 (d, J = 8.4 Hz, 2H), 7.70 (d, J = 8.5 Hz, 2H), 7.61 – 7.54 (m, 1H), 7.13 (dd, J = 21.9, 8.8 Hz,
2H), 7.02 (d, J = 6.6 Hz, 1H), 6.96 (t, J = 7.6 Hz, 1H), 6.78 (d, J = 8.8 Hz, 1H), 6.65 – 6.51 (m, 2H),
5.05 (dd, J = 12.7, 4.8 Hz, 1H), 4.87 (s, 2H), 3.21 – 3.11 (m, 2H), 2.94 – 2.82 (m, 1H), 2.58 (dd, J
= 17.4, 3.2 Hz, 2H), 2.36 (t, J = 7.1 Hz, 2H), 2.08 – 1.98 (m, 1H), 1.69 – 1.58 (m, 4H), 1.46 – 1.35
(m, 2H). 13C NMR (126 MHz, DMSO-d6) δ 173.32, 172.08, 170.61, 169.41, 167.78, 165.17,
146.88, 143.61, 142.58, 136.77, 132.67, 129.15, 129.12, 127.13, 123.96, 118.54, 117.69,
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116.73, 116.60, 110.86, 109.46, 48.99, 42.18, 36.87, 31.45, 29.00, 26.47, 25.23, 22.62. HRMS:
C32H32N6O6, mass expected [M+H] + 597,24561, found 597,24564. HPLC: purity 98%, retention
time 11.5 min.
HDAC inhibition study
Black 96-well flat-bottom microplates (Corning® Costar®, Corning Incorporated, NY) were
used. Human recombinant C-terminal FLAG-tag, C-terminal His-tag HDAC 1 (BPS Bioscience,
Catalog #: 50051), Human recombinant C-terminal FLAG-tag HDAC 2 (BPS Bioscience, Catalog
#: 50052) or human recombinant C-terminal His-tag HDAC 3/NcoR2 (BPS Bioscience, Catalog
#: 50003) were diluted in incubation buffer (25 mM Tris-HCl, pH 8.0, 137 mM NaCl, 2.7 mM
KCl, 1 mM MgCl2, 0.01% Triton-X and 1 mg/mL BSA). 40 µL of this dilution was incubated with
10 µL of different concentrations of inhibitors in 10% DMSO/incubation buffer and 50 µL of
the fluorogenic Boc-Lys(ε-Ac)-AMC (20 mM, Bachem, Germany) at 37 °C. After 90 min
incubation time 50 µL of the stop solution (25 mM Tris-HCl (pH 8), 137 mM NaCl, 2.7 mM KCl,
1 mM MgCl2, 0.01% Triton-X, 6.0 mg/mL trypsin (porcine pancreas Type IX-S, lyophilized
powder, 13,000-20,000 BAEE units/mg protein, Sigma Aldrich) and 200 µM Vorinostat) was
added. After a following incubation at 37 °C for 30 min, the fluorescence was measured on a
Synergy H1 Platereader (BioTek, USA) with a gain of 70, an excitation wavelength of 370 nm
and an emission wavelength of 460 nm. GraphPad Prism 5.0 (GraphPad Software, Inc.) was
used for the determination of the IC50 of each inhibitor. Nonlinear regression was used for
data fitting.
Cell viability
Cell culture
RAW 264.7 macrophages were obtained from the American Type Culture Collection (ATCC;
Wesel, Germany) and cultured in 96-well plate or flasks (Costar Europe, Badhoevedrop, The
Netherlands) at 37oC under 5% CO2/95% air in Dulbecco’s Modification of Eagle’s Medium
(DMEM) containing GlutaMAX™ (Gibco® by life Technologies, Bleiswijk, The Netherlands)
supplemented with 10% (v/v) heated fetal bovine serum (FBS; Invitrogen, Breda, The
Netherlands), 2mM additional GlutaMAX™ (Gibco® by life Technology, Bleiswijk, The
Netherlands), 100U/ml penicillin (Gibco® by life Technologies, Bleiswijk, The Netherlands) and
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100µg/ml streptomycin (Gibco® by life Technologies, Bleiswijk, The Netherlands). RAW 264.7
cells were used between passage 5 and 16.
MTS assay
RAW264.7 cells were seeded in 96-well plate at the concentration of 25,000 cells/cm2. The
next day, medium was replaced with fresh medium containing HDAC inhibitors at the
indicated concentrations. After 24 h incubation at 37oC, 20 µl CellTiter 96 AQueous One Solution
reagent (Promega) was added to each well. The cells were incubated at 37 oC for 2 h in the
dark. The absorbance at 490 nm was measured using a Synergy H1 plate reader. The results
were plotted as % of control.
Western Blotting
RAW264.7 cells were washed twice with ice-cold DPBS and subsequently lysed in ice-cold lysis
buffer (25 mM Hepes, 5 mM MgCl2, 5 mM EDTA, 0.5% Triton X-100 and protease inhibitors
(#88266; Thermo Scientific, Rockford, IL, USA)). Protein concentrations were determined by a
Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, USA) according to the manufacturer’s
protocol. Samples were separated by NuPAGETM 4-12% Bis-Tris gel (Invitrogen, Carlsbad,
Canada), and transferred with a Trans-Blot Electrophoretic Transfer system (Bio-Rad
Laboratories) onto a polyvinylidene difluoride membrane (PVDF; Bio-Rad Laboratories). The
membrane was blocked at room temperature for 1 h in PBS/0.1% Tween 20 (Sigma-Aldrich;
solution referred to as PBST) containing 5% skimmed milk (Campina, Friesland, The
Netherlands) and subsequently incubated overnight at 4 oC with the appropriate primary
antibody in 5% BSA (Sigma-Aldrich) or 5% skimmed milk in PBST. The following primary
antibodies and dilutions were used: HDAC 1 (1:2000), HDAC 2 (1:2000), HDAC 3 (1:2000), NFκB p65 (1:2500) and β-actin (1:10000); all from CellSignaling, Leiden, The Netherlands.
Membranes were washed in PBST and incubated at room temperature for 1 h with
peroxidase-conjugated secondary antibodies. The following secondary antibodies were used:
goat anti-rabbit IgG/HRP, and rabbit anti-mouse IgG/HRP (all 1:2000; DakoCytomation,
Glostrup, Denmark). The bands were visualized using the VisiGlo™ Prime HRP
Chemiluminescenct Substrate Kit (AMRESCO,Solon, OH, USA). For the western blot of 0.001
µM-10 µM HD-TAC7-treated RAW264.7 cells were worked up according to the protocol above
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until blocking the membrane. The membrane was blocked at room temperature for 1 h in
Odyssey blocking buffer. The primary antibodies and dilutions were used above, while the
fluorescent secondary antibodies were used as following: IRDye 680RD Goat anti-Mouse IgG
(H + L) (1:10000, Fisher Scientific) and IRDye® 800CW Goat anti-Rabbit IgG (1:10000, LI-COR
Biosciences, UK). The bands were visualized using Odyssey® CLx Blot Scanner (LI-COR
Biosciences, UK).
RT-qPCR
RAW264.7 cells were washed twice with Dulbecco’s Phosphate-buffered Saline (DPBS, Gibco®
by life Technologies, Bleiswijk, The Netherlands) and total RNA was isolated by Maxwell® 16
LEV simplyRNA Tissue Kit (Promega) according to the manufacturer’s protocol. RNA
concentration (OD260) and purity (OD260/OD280) were measured by NanoDrop ND-1000 UV-Vis
spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). Then, RNA was reverse
transcribed to cDNA using the Reverse Transcription Kit (#A3500, Promega). 10 ng of cDNA, 5
uL 2x SensiMix SYBR Lo-ROX and 0.4 uL primers were applied for each RT-qPCR, which was
performed on a QuantStudioTM 7 Flex System. For each sample, the real-time PCR was
performed in duplicate. Data analysis was performed with QuantStudio™ Real-Time PCR
Software. Gene expression levels were normalized to the expression of the reference gene
glyceralde-3-phosphate dehydrogenase (GAPDH), which was not influenced by the
experimental conditions resulting in the ΔCt value. Gene expression levels were calculated by
the comparative Ct method (2-ΔΔCt)[40].
Primers for qRT-PCR were as follows:
GAPDH forward, 5’- ACAGTCCATGCCATCACTGC-3’;
GAPDH reverse, 5’- GATCCACGACGGACACATTG-3’;
IL-10 forward, 5’- ATAACTGCACCCACTTCCCAGTC-3’;
IL-10 reverse, 5’- CCCAAGTAACCCTTAAAGTCCTGC-3’;
IL-6 forward, 5’- TGATGCTGGTGACAACCACGGC-3’;
IL-6 reverse, 5’- TAAGCCTCCGACTTGTGAAGTGGTA-3’;
TNFα forward, 5’- CATCTTCTCAAAATTCGAGTGACAA-3’;
TNFα reverse, 5’- GAGTAGACAAGGTACAACCC-3’;
miNOS forward, 5’- CTATCAGGAAGAAATGCAGGAGAT-3’;

122

Induced protein degradation of HDAC 3 by PROTAC

miNOS reverse, 5’- GAGCACGCTGAGTACCTCATT-3’;
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Western blot

Figure S9. Western blot analysis of HDAC1 and HDAC3 proteins after a 24h treatment with HD-TAC1 at
indicated concentrations in A549 cells.
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HDAC/MIF dual inhibitor inhibits NSCLC cell survival and proliferation

Abstract: Non-small-cell lung carcinoma (NSCLC) is one of the most common forms of lung
cancer, and a leading cause of cancer death among human beings. There is an urgent demand
for novel therapeutics for the treatment of NSCLC in order to enhance the efficacy of the
currently applied Tyrosine kinase inhibitors (TKIs) therapy and to overcome therapy-resistance.
Here, we report a novel small-molecule inhibitor that simultaneously targets histone
deacetylase (HDAC) and macrophage migration inhibitory factor (MIF). The HDAC/MIF dual
inhibitor proved to be toxic for EGFR mutated (H1650, TKI-resistant) or knock out (A549 EGFR/-)

NSCLC cell lines. Further experiments showed that HDAC inhibition inhibits cell survival and

proliferation, while MIF inhibition downregulates pAKT or AKT expression level, which both
interfere with cell survival. Furthermore, the combination treatment of TKI and HDAC/MIF
dual inhibitor showed that the dual inhibitor enhanced TKI inhibitory efficacy, highlighting the
advantages of HDAC/MIF dual inhibitor for more effective treatment of NSCLC.
Keywords: HDAC, MIF, dual inhibitor, anti-cancer, AKT pathway
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1. Introduction
Over decades, drug discovery has focused on developing drugs with selectivity to a single
target [1,2]. Although, lots of single selective drugs have been developed successfully, the
progression of multifactorial diseases including cancers, neurodegenerative diseases, involved
multiple signaling pathways [3,4]. Thus, there is an increasing interest in developing
therapeutics that simultaneously address multiple targets.
Lung cancer is by far the most deathly type of cancer among humans, making up among 2628% of all cancer deaths [5]. Among lung cancers, non-small-cell lung carcinoma (NSCLC)
accounts for the majority (80%) of all cancer cases [6]. Until now, NSCLC is being treated by
surgery followed by chemotherapy with Tyrosine kinase inhibitors (TKIs) to inhibit EGFR, such
as Afatinib and Gefitinib [7]. However, most of the patients develop TKI resistance within 913 months after treatment initiation [8]. Therefore, it is urgent to develop new and more
effective therapeutics for treating NSCLC.
Histone deacetylases (HDACs) are critical epigenetic modulators that remove acetyl groups
from lysine on histones [9].They comprise 11 enzymes grouped into 4 classes (I, IIa, IIb, and IV)
and 7 sirtuins (class III) [10]. HDACs have been considered as potential therapeutic targets for
the treatment of cancers [11]. HDAC inhibitors can avert tumor progression primarily by
regulating gene expression [12]. For now, four HDAC inhibitors have been approved by FDA
for the treatment of lymphoma [13]. More HDAC inhibitor are developed in clinical trials to
aboard utility of these inhibitors in cancer therapy further. For example, Tacedinaline (CI994),
a class I HDAC inhibitor has been in phase III clinical trials by Pfizer in combination with
Gemcitabine for the treatment of advanced NSCLC [14–16]. Therefore, it is a promising
strategy to target HDAC and other anti-cancer targets for the treatment of NSCLC.
Macrophage migration inhibitory factor (MIF) is a pro-inflammatory cytokine, which was firstly
discovered to carry out important functions as a mediator of the innate immune system [17].
Recent evidence demonstrated that MIF is also involved in carcinogenesis [18], tumor cell
proliferation and invasion [19] and tumor-induced angiogenesis [20]. It is reported that
inhibition of MIF could significantly decrease proliferation of cancer cells [21–23]. MIF
interacts with several cellular receptors, such as CXCR7 and CD74 [24], which regulate cell

136

HDAC/MIF dual inhibitor inhibits NSCLC cell survival and proliferation

proliferation in cancer cells. For example, the MIF-CXCR7 axis influences the AKT signaling
pathway [25], and thus affects the proliferation of cancer cells. Hence, it would be interesting
to develop small molecules to simultaneously inhibit HDAC and MIF as a potential therapeutic
strategy for the treatment of NSCLC.
A key pharmacophore for MIF binding is a phenolic hydroxyl group, which provides a
convenient handle to design multi-target inhibitors [26]. The general pharmacophore of HDAC
inhibitors consists of a hydrophobic cap group, a linker, and a zinc-binding group (ZBG,
hydroxamic acid or o-aminoanilide). The ZBG is the essential group for HDAC inhibition
because it coordinates to the catalytic Zn2+ ion in the active site of the enzyme. Inspired by
these features, a linked pharmacophore strategy would be an effective approach to design
novel inhibitors against both targets. Thus, a novel HDAC/MIF dual inhibitor (ZP158) was
designed (Figure1) and synthesized (Scheme1). Subsequently, we investigated the cell viability,
apoptosis and proliferation upon HDAC/MIF dual inhibitor treatment among several NSCLC
cell lines. After examining the AKT pathway, we further applied a combination of Afatinib and
the HDAC/MIF dual inhibitor for a combination treatment of A549 cells.

5

Figure 1. Design of HDAC/MIF dual inhibitor.

2. Results and discussion
2.1 Chemistry

In Scheme 1 the general methodology for the synthesis of compounds 6a and 5b is presented.
Nitrobenzoylchloride was coupled with compound 1a or 1b to obtain amide 2a and 2b.
Compounds 2a and 2b were reduced reaction using palladium on carbon as catalyst under
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hydrogen atmosphere to obtain 3a and 3b. Compounds 3a and 3b were coupled with 2-(4nitrophenyl)acetic acid in a condensation reaction using EDCI and HOBt as reagents, followed
by a reduction reaction using palladium on carbon as catalyst to obtain compounds 4a and 4b.
Compounds

4a

and

4b

were

reacted

with

5-((tert-butyldimethylsilyl)oxy)-2-

hydroxybenzaldehyde or 2-hydroxybenzaldehyde by reductive amination using NaBH4. A
subsequent to cyclization reaction with CDI achieved compound 5a and 5b(ZP291). Compound
5a was treated with trifluoroacetic acid for Boc-deprotection and tetra-n-butylammonium
fluoride for TBS-deprotection to achieve final compound 6a (ZP158).

Scheme 1. Synthetic route to compounds 5b and 6a. Reagents and conditions: a) nitrobenzoylchloride,
TEA, THF, r.t. 18h; b) Pd/ C, H2, EtOH, r.t., 18 h; c) 2-(4-nitrophenyl)acetic acid, EDCI, HOBt, TEA, DCM,
r.t. overnight; d) 5-((tert-butyldimethylsilyl)oxy)-2-hydroxybenzaldehyde or 2-hydroxybenzaldehyde,
NaBH4, EtOH, r.t. 4 h; e) CDI, DCM, r.t. overnight; f) TFA, DCM, r.t., 5h; g) TBAF, THF, r.t. overnight.
2.2 Biological study

To confirm the inhibitory effect of the HDAC/MIF dual inhibitor assays were performed to test
the inhibitory activity for HDAC 1, 2, 3 and MIF The IC50 values observed were in the same
range as the respective IC50’s of the parent inhibitors (Table 1). We also explore whether the
HDAC/MIF dual inhibitor suppressed histone acetylation level in NSCLC cells. Towards this aim
the acetylation level of the HDAC substrate histone H3 lysine 27 (H3K27) was investigated in
cells treated with the dual inhibitors. As shown in Figure 1, ZP158 induced an increase of
H3K27 acetylation in H1650 cells, as well as CI994 and combination treatment. This indicated
that the dual inhibitor retained the inhibitory capacity of its parent pharmacophores.
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Table 1. IC50 values of ZP143, CI994 and ZP158 for MIF, HDAC 1, HDAC 2 and HDAC 3. Data are
presented as mean values (in µM) ± SD.
MIF (uM)

HDAC 1 (uM)

HDAC 2 (uM)

HDAC 3 (uM)

ZP143

0.15±0.01

>100

>100

>100

CI994

>100

0,1±0.01

0,8±0.1

0,2±0.02

ZP158

0.18±0.01

0,2±0.05

1,1±0.3

0,6±0.07

Figure 1. Analysis of acetylation level of lysine 27 on histone H3 upon CI994, ZP143 and ZP158
treatment of H1650 for 48 h using western blot.

To examine the inhibitory effect of HDAC/MIF dual inhibitor in NSCLC cells, we performed the
MTS assay in several NSCLC cell lines with ZP158 and its parent inhibitors for 48 h (Figure 2
and S2). The results showed that the MIF inhibitor did not affect cell viability in these cell lines,
while micromolar concentrations of CI994 inhibited cell viability of all the tested NSCLC cell
lines. HDAC/MIF dual inhibitor showed promising antitumor potency against H1650 cells and
A549 EGFR-/- cells, inhibiting the H1650 cell viability for around 50% in the concentration of
12.5 M, while it is 6.25 M in A549 EGFR-/- cells. In these two cell lines, the HDAC/MIF
inhibitor dual was more active than CI994 and ZP143 used either alone or in combination. To
further investigate the inhibition of cell proliferation by ZP158, a control compound ZP291 was
investigated in which both the HDAC ZBG group and the MIF binding phenolic alcohol was
removed. As depicted in Table S1 and Figure S3, ZP291 lost inhibitory activity to HDACs and
MIF, as well as the cell toxicity for H1650 and A549 EGFR-/- cells. The key pharmacophore
features for HDAC and MIF inhibition contribute to the observed effects.
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Figure 2. Treatment of different NSCLC cell lines A) H1650, B) H1650 EGFR-/-, C) A549, D)A549 EGFR-/-

with CI994, ZP143 alone or combination and ZP158. Cells were treated with drugs at indicated
concentrations for 48 h and cell viability was determined with an MTS assay. Data shown is represented
as mean values ± SD of 3 independent experiments. *** p< 0.001 compared with indicated group. **
p<0.01 compared with indicated group.

We also observed that knocking out EGFR in H1650 cells and A549 cells provides a change in
potency for inhibition of cell viability upon treatment with the HDAC/MIF dual inhibitor. At a
concentration of 12.5 M the potency of ZP158 in H1650 EGFR-/- cells decreased in comparison
to H1650 cells the potency for A549 EGFR-/- cells increased in comparison to A549 EGFR wildtype cells. This difference is remarkable and might relate to activation of different cell survival
pathway upon EGFR ablation in both cell types. Knock out EGFR in H1650 leads to increased
HER2/HER3 expression, mediating overexpression of cyclin D1 to contribute to cell survival
[27]. In A549 cell lines, EGFR ablation induced higher expression of CXCR7, as well as an
increased AKT expression level to compensate for EGFR loss [28]. MIF interacts with CXCR7,
leading to the activation of AKT pathway [25], which increases cell survival and proliferation.
Therefore, inhibition of MIF in A549 EGFR-/- cells might affect the AKT signaling pathway, which
renders these cells more vulnerable to concomitant inhibition of cell viability by HDAC
inhibition. To validate whether MIF inhibition would affect the AKT pathway, we examined the
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protein expression level of AKT and pAKT using western blot. As the results showed in Figure
3, inhibition of HDAC did not affect AKT or pAKT expression levels. However, inhibition of MIF
downregulated the protein expression level of pAKT in H1650 cells, while it downregulated
AKT in A549 EGFR-/- cells. Our results confirm that MIF inhibition interferes AKT pathway,
which is connected to inhibition of cell survival.

5
Figure 3. (A) Analysis of p-AKT and AKT expression level upon CI994, ZP143 and ZP158 treatment of
H1650 for 48 h using western blot. (B) The bands of fig.3A were quantified using Image J and plotted.
Average and standard deviations of 2 independent experiments are plotted as fold of the untreated
control. (C) Analysis of p-AKT and AKT expression level upon CI994, ZP143 and ZP158 treatment of
A549 EGFR-/- cells for 48 h using western blot. (D) The bands of fig.3C were quantified using Image J
and plotted. Average and standard deviations of 2 independent experiments are plotted as fold of the
untreated control.

We further validated the HDAC inhibition and induction of cell apoptosis and anti-proliferation
by flow cytometry analysis (Figure 4A) and a colony formation assay (Figure 4B). MIF inhibitor
did not show any potency for cell apoptosis or cell proliferation. HDAC inhibitor induced cell
apoptosis in H1650 and A549 EGFR-/- cells at 12.5 µM, as well as the HDAC/MIF dual inhibitor
in Figure 4A. As shown in Figure 4B, HDAC inhibitor inhibited both H1650 and A549 EGFR-/- cell
proliferation at 12.5 µM. The similar anti-proliferation effect could also be observed in
combination treatment and the HDAC/MIF dual inhibitor. These results indicate that HDAC
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inhibition induced cell apoptosis and inhibited cell proliferation in H1650 and A549 EGFR -/cells. This indicated that HDAC inhibitors are promising anti-cancer agents for chemotherapy.

Figure 4. Effects of the treatment with CI994, ZP143 and ZP158 in H1650 and A549 EGFR-/- cells. A)Flow
cytometric analysis of H1650 or A549 EGFR-/- cell apoptosis with CI994, ZP143, and ZP158 treatment at
the concentration of 12.5 µM. After 48 h treatment, the apoptotic cells were detected using Violet
Ratiometric Membrane Asymmetry Probe. Data shown is represented as mean values ± SD of 2-3
independent experiments. *** p< 0.001 compared to vehicle treated-cells. ** p<0.01 compared to
vehicle-treated cells. * p<0.05 compared to vehicle-treated cells. B) Proliferation analysis of H1650 or
A549 EGFR-/- cells with CI994, ZP143, and ZP158 treatment at the concentration of 12.5 µM. Data
shown is represented as mean values ± SD of 3 independent experiments. *** p< 0.001 compared to
vehicle treated-cells.

Our results showed that inhibition of HDAC suppressed cell survival and proliferation, while
inhibition of MIF interfered with the AKT pathway, thus influencing cell survival. This is in line
with the model shown in Figure 5 in which combined inhibition of HDACs and MIF has a
stronger effect in cell viability. More interestingly, dual HDAC/MIF inhibitor showed more
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potency in EGFR mutated (H1650, TKI-resistant) or knock out (A549 EGFR-/-) NSCLC cell lines.
This indicated that the HDAC/MIF dual inhibitor might be a promising anti-cancer agent for
overcoming the TKI-resistant NSCLC cells or the combination therapy for TKI treatment. To
examine the effects of combination therapy, we applied ZP158 with a widely used TKI, Afatinib,
to treat EGFR wild type A549 cells. As a result we show in Figure 6 that Afatinib inhibits cell
viability by 50% in A549 cells at a concentration of 25 µM, while in the combination treatment
with Afatinib and the HDAC/MIF dual inhibitor almost complete inhibition of cell viability,
whereas similar viability levels are reached upon treatment with 6 M Afatinib. This result
shows that combination of the HDAC/MIF dual inhibitor with TKI treatment provides
opportunities to enhance the effect of TKI treatment.

Figure 5. HDAC inhibition suppresses cell survival and proliferation, while MIF inhibition downregulates
AKT pathway, further influencing cell survival and proliferation.
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Figure 6. Treatment of A549 cells with Afatinib and ZP158. Cells were treated with Afatinib at indicated
concentrations. In the combination treatment, cells were treated with Afatinib at indicated
concentrations together with ZP158 at a concentration of 12.5 µM. After 48 h treatment, cell viability
was determined with an MTS assay. Data shown is represented as mean values ± SD of 3 independent
experiments. *** p< 0.001 compared with indicated group.

3. Conclusion
In this study, we designed and synthesized a molecule in which the pharmacophores of an
HDAC and a MIF inhibitor were linked to provide a multitarget-directed ligand. The inhibitor
retained the inhibitory properties for both HDAC and MIF inhibition to give a HDAC/MIF dual
inhibitor that showed a better potency in cell toxicity in H1650 (EGFR mutated, TKI-resistant)
and EGFR knock out A549 cell lines. Further cell-based studies showed that inhibition of HDAC
activity contributed to inhibition of cell survival and proliferation, while MIF inhibition
downregulated pAKT or AKT expression level, thus also interfering with the cell survival.
Interference with the AKT signaling pathway indicates the HDAC/MIF dual inhibitor is
promising for application in TKI-resistant NSCLC cell lines or in TKI combination therapy.
Combination treatment with Afatinib showed that the HDAC/MIF dual inhibitor increased
Afatinib inhibitory efficacy in EGFR wild type A549 cells. Taken together, our work showed the
potential of dual inhibition of HDAC and MIF as drug targets for the treatment of NSCLC.
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4. Experimental section
General
The solvents and reagents were purchased from Sigma-Aldrich, Acros chemicals or abcr GmbH
without further purification. Reactions were monitored by thin layer chromatography (TLC).
Merck silica gel 60 F254 plates were used and spots were detected under UV light or after
staining with potassium permanganate for the non UV-active compounds. MP Ecochrom silica
32-63, 60Å was used for flash column chromatography. 1H NMR (500 MHz) and 13C NMR (126
MHz) spectra were recorded with a Bruker Avance 4-channel NMR Spectrometer with TXI
probe. Chemical shifts were referenced to the residual proton and carbon signal of the
deuterated solvent CDCl3: δ = 7.26 ppm (1H) and 77.05 ppm (13C), (CD3)2SO: δ = 2.50 ppm (1H)
and 39.52 ppm (13C) ， CD3OD: δ = 3.31 ppm (1H) and 49.00 ppm (13C). The following
abbreviations were used for spin multiplicity: s = singlet, br. s = broad singlet, d = doublet, t =
triplet, q = quartet, p = quintet, dd = double of doublets, ddd = double of doublet of doublets,
m = multiplet.
tert-butyl (2-(4-aminobenzamido)phenyl)carbamate (3a).
A mixture of 4-nitrobenzoyl chloride (1.1 g, 6.1 mmol, 1.0 eq), tert-butyl (2- (4-nitrobenzamido)
phenyl) carbamate (1.3 g, 6.1 mmol, 1.0 eq) and triethylamine (TEA ) (0.7 mL, 18 mmol, 3.0
eq) in THF (10 mL) was stirred at room temperature for 18 h. The reaction mixture was washed
with saturated NaHCO3 (15 mL) and extracted with ethyl acetate (15 mL x 3). Afterwards, the
organic layers were combined, dried over MgSO4 and concentrated under reduced pressure
to obtain a yellow solid. The yellow solid was dissolved in EtOH (25 mL). Pd/C (0.1 eq) was
added and the mixture was stirred overnight at room temperature under H2 atmosphere. Then
the resulting mixture was filtered over Celite and evaporated under reduced pressure to
obtain the product as a white solid in a yield of 90% over two reaction steps. 1 H NMR (500
MHz, Chloroform-d) δ 9.14 (s, 1H), 8.11 (d, J = 9.3, 4.2 Hz, 2H), 7.99 (d, J = 6.8 Hz, 2H), 7.65 7.56 (m, 1H), 7.53 - 7.42 (m, 2H), 7.04 - 6.97 (m, 2H), 4.35 (s, 2H), 1.83 (s, 9H).
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tert-butyl (2-(4-(2-(4-aminophenyl)acetamido)benzamido)phenyl)carbamate (4a).
2-(4-Nitrophenyl) acetic acid (0.18 g, 1.0 mmol, 1.0 eq) was first dissolved in CH2Cl2 (5 mL).
Then 1-Ethyl-3- (3-dimethylaminopropyl) carbodiimide (EDCI) (0.23 mg, 2.0 mmol, 2.0 eq) and
1-hydroxybenzotriazole (HOBt) (0.027 g, 0.2 mmol, 0.2 eq ) were added. This mixture was
stirred for 5 min. Afterwards, compound 3a (0.33mg, 1 mmol, 1.0 eq) was added and stirred
at room temperature overnight. Subsequently, the organic layer was washed with water (10
mL x 2) and brine (10 mL). The solvent was removed under reduced pressure to obtain white
solid. Then, the white solid was dissolved in EtOH, subsequently adding Pd/C (0.1 eq) and
stirred overnight at room temperature under H2 atmosphere. Then the residue was filtered
with Celite, followed by column chromatography purification using CH2Cl2: MeOH 80: 1(v/v)
to obtain yellow solid with a yield of 22.8% for two steps. 1H NMR (500 MHz, Chloroform-d) δ
9.14 (s, 1H), 7.87 (d, J = 8.4 Hz, 2H), 7.74 (d, J = 7.9 Hz, 1H), 7.50 (d, J = 8.4 Hz, 2H), 7.39 (s, 1H),
7.25 (d, J = 8.7 Hz, 1H), 7.20 (t, J = 7.6 Hz, 1H), 7.14 (t, J = 7.6 Hz, 1H), 7.10 (d, J = 8.0 Hz, 2H),
6.86 (s, 1H), 6.72 (d, J = 7.7 Hz, 2H), 4.07 (s, 2H), 3.63 (s, 2H), 1.50 (s, 9H).
N-(2-aminophenyl)-4-(2-(4-(7-hydroxy-2-oxo-2H-benzo[e][1,3]oxazin-3(4H)-yl)phenyl)acetamido)benzamide (6a).
Compound 4a (0.18 g, 0.39 mmol, 1.0 eq) was added to a solution of 4-((tertbutyldimethylsilyl)oxy)-2-hydroxybenzaldehyde (0.11 g, 0.429 mmol, 1.1 eq) in EtOH (6 mL).
The resulting mixture was stirred for 1.5h at room temperature. Next, NaBH4 (0.044 mg, 1.2
mmol, 3.0 eq) was added in portions. The mixture was stirred at room temperature for 3h The
resulting mixture was diluted into brine (30 mL) followed by washing with EtOAc (30 mL × 3).
The organic solvent was collected and evaporated under reduced pressure. The remaining
product was dissolved into EtOAc (10 mL) and carbonyldiimidazole (0.016 mg, 0.98 mmol, 2.5
eq) was added and refluxed overnight. Then the mixture was washed with 1 N HCl solution
(10 mL), saturated NaHCO3 solution (10 mL), and brine (10 mL), dried over MgSO4 and
concentrated under reduced pressure to obtain yellow solid. The yellow solid was dissolved in
CH2Cl2. Trifluoroacetic acid (45 μL, 0.6 mmol, 1.5 eq) was added dropwise into the solution.
The reaction was stirred at room temperature for 1.5h. Afterwards, the solvent was removed
under reduced pressure. The residue was re-dissolved in THF (6.0 mL). Tetrabutylammonium
fluoride hydrate (TBAF) (0.15g, 0.6 mmol, 1.5 eq) was added. The suspension was stirred at
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room temperature for 1 h. The reaction mixture was diluted with CH2Cl2 (10 mL) and the
organic phase was washed with brine (10 mL × 3), dried over MgSO4, filtrated and
concentrated under reduced pressure. The product was purified by column chromatography
using CH2Cl2/MeOH 80: 1(v/v) as eluent to provide the pure product as a pale yellow powder
in an overall yield of 19%.1H NMR (500 MHz, Methanol-d4) δ 7.99 (d, J = 8.4 Hz, 2H), 7.75 (d, J
= 8.5 Hz, 2H), 7.46 (d, J = 8.2 Hz, 2H), 7.40 (d, J = 8.4 Hz, 2H), 7.36 – 7.21 (m, 4H), 7.03 (d, J =
8.4 Hz, 1H), 6.61 (dd, J = 8.3, 2.4 Hz, 1H), 6.48 (d, J = 2.3 Hz, 1H), 4.77 (s, 2H), 3.75 (s, 2H). 13C
NMR (126 MHz, DMSO) δ 169.90, 165.28, 158.25, 150.52, 150.05, 142.54, 141.13, 134.75,
130.24, 129.28, 129.05, 127.20, 127.12, 127.06, 126.96, 125.92, 118.87, 118.74, 118.65,
112.09, 109.34, 102.61, 49.91, 43.27. HRMS calculated for C29H25O5N4 [M + H]+: 509,1819,
found 509,1817.
4-(2-(4-aminophenyl)acetamido)-N-phenylbenzamide(4b).
4-Nitrophenylacetic acid (720 mg, 4.0 mmol, 1.0 eq) was added into a mixture of CH 2Cl2 (4
mL)and SOCl2 (4 mL), followed by 4h refluxing. Afterwards, the residual solvent and acid was
evaporated under reduced pressure. The remaining oil-like mixture was dissolved in CH2Cl2
and 4-amino-N-phenylbenzamide (730 mg, 3.5 mmol, 1.0 eq) was added. A precipitate was
formed and isolated by filtration and washed with CH2Cl2 (20 mL) and water (20 mL) to provide
the product as a yellow solid. The yellow solid was dissolved in ethanol (20 mL). Then Pd/C (40
mg) was added. The suspension was charged with H2 and stirred at room temperature
overnight. The resulting mixture was filtrated with Celite and purified using chromatography
with CH2Cl2:MeOH 50:1 (v/v). The product was obtained as pale yellow solid with yield of 34%
for two steps. 1H NMR (500 MHz, DMSO-d6) δ 10.29 (s, 1H), 10.10 (s, 1H), 7.92 (d, J = 8.7 Hz,
2H), 7.74 (dd, J = 15.5, 8.2 Hz, 4H), 7.36 – 7.31 (m, 2H), 7.08 (t, J = 7.4 Hz, 1H), 6.99 (d, J = 8.3
Hz, 2H), 6.52 (d, J = 8.4 Hz, 2H), 4.94 (s, 2H), 3.46 (s, 2H). 13C NMR (126 MHz, DMSO) δ 170.90,
165.32, 147.79, 142.81, 139.75, 130.01, 129.51, 129.03, 123.94, 122.94, 120.90, 120.68,
118.58, 114.41, 43.19. MS calculated for C21H19N3O2Na [M + Na]+: 368.14, found 368.37.
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4-(2-(4-(2-oxo-2H-benzo[e][1,3]oxazin-3(4H)-yl)phenyl)acetamido)-N-phe-nylbenzamide
(5b).
Compound 4b (0.04g, 0.1 mmol, 1.0 eq) was reacted with 2-Hydroxybenzaldehyde (30 µL, 0.2
mmol, 2.0 eq) in DMSO (2 mL) at room temperature for 2 h. Next, NaBH4 (0.01g. 0.25 mmol,
2.5 eq) was added and stirred for 1 h. The resulting mixture was diluted into brine (30 mL)
followed by wash with EtOAc (30 mL × 3). The organic solvent was collected and evaporated
under reduced pressure. The remaining product was dissolved into EtOAc (10 mL) and
carbonyldiimidazole (0.05 mg, 0.3 mmol, 3.0 eq) was added and refluxed overnight. The
resulting mixture was purified with chromatography and product was obtained with
CH2Cl2:MeOH 60:1 (v/v) as 35 mg white solid, yield 73%.1H NMR (500 MHz, DMSO-d6) δ 10.48
(s, 1H), 10.11 (s, 1H), 7.96 (d, J = 8.7 Hz, 2H), 7.77 (t, J = 8.5 Hz, 4H), 7.44 (d, J = 2.2 Hz, 4H),
7.36 (q, J = 7.3 Hz, 3H), 7.31 (d, J = 6.8 Hz, 1H), 7.20 (t, J = 7.5 Hz, 1H), 7.14 (d, J = 8.0 Hz, 1H),
7.10 (t, J = 7.4 Hz, 1H), 4.92 (s, 2H), 3.75 (s, 2H). 13C NMR (126 MHz, DMSO) δ 169.86, 165.32,
150.04, 149.88, 142.58, 141.01, 139.75, 134.82, 130.25, 129.78, 129.30, 129.03, 126.49,
125.94, 124.75, 123.96, 120.93, 120.76, 119.41, 118.77, 115.99, 50.19, 43.29. MS calculated
for C29H23N3O4Na [M + Na]+: 500.16, found 500.42.
MIF inhibition study
The protocol for measuring inhibition of MIF tautomerase enzyme activity and enzyme
kinetics was adapted from our previous protocol [29]. 180 µL of a 500 nM MIF solution in boric
acid buffer (435 mM, pH 6.2) was mixed with 10 µL of a 20 mM EDTA solution in demineralized
water and 10 µL of a solution of the desired compound dissolved in DMSO or blanc DMSO.
This mixture was pre-incubated at room temperature for 10 min. Next, 50 µL of this mixture
was mixed with 50 µL of a 1 mM 4-HPP solution in ammonium acetate buffer (50 mM, pH 6.0).
Subsequently, MIF tautomerase activity was monitored by measuring the increase of UV
absorbance at 306 nm over time. MIF tautomerase activity in the presence a blank DMSO
dilution was set to 100% enzyme activity. Non-catalyzed conversion of the substrate in
absence of MIF was set to 0%. Data from the first three minutes were used to calculate the
initial velocities. All experiments were repeated three times and calculations were performed
with the program GraphPad Prism.
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HDAC inhibition study
Black 96-well flat-bottom microplates (Corning® Costar®, Corning Incorporated, NY) were
used. Human recombinant C-terminal FLAG-tag, C-terminal His-tag HDAC 1 (BPS Bioscience,
Catalog #: 50051), Human recombinant C-terminal FLAG-tag HDAC 2 (BPS Bioscience, Catalog
#: 50052) or human recombinant C-terminal His-tag HDAC 3/NcoR2 (BPS Bioscience, Catalog
#: 50003) were diluted in incubation buffer (25 mM Tris-HCl, pH 8.0, 137 mM NaCl, 2.7 mM
KCl, 1 mM MgCl2, 0.01% Triton-X and 1 mg/mL BSA). 40 µL of this dilution was incubated with
10 µL of different concentrations of inhibitors in 10% DMSO/incubation buffer and 50 µL of
the fluorogenic Boc-Lys(ε-Ac)-AMC (20 mM, Bachem, Germany) at 37 °C. After 90 min
incubation time 50 µL of the stop solution (25 mM Tris-HCl (pH 8), 137 mM NaCl, 2.7 mM KCl,
1 mM MgCl2, 0.01% Triton-X, 6.0 mg/mL trypsin (porcine pancreas Type IX-S, lyophilized
powder, 13,000-20,000 BAEE units/mg protein, Sigma Aldrich) and 200 µM Vorinostat) was
added. After a following incubation at 37 °C for 30 min, the fluorescence was measured on a
Synergy H1 Platereader (BioTek, USA) with a gain of 70, an excitation wavelength of 370 nm
and an emission wavelength of 460 nm. GraphPad Prism 5.0 (GraphPad Software, Inc.) was
used for the determination of the IC50 of each inhibitor. Nonlinear regression was used for
data fitting.
Cell culture
A549 (wild-type EGFR, mutant KRAS) was purchased from ATCC. H1650 (mutant EGFR,wildtype KRAS) and H1299 (wild-type EGFR, wild-type KRAS) cell lines were kindly provided by Dr.
Klaas Kok (Department of Genetics, University Medical Center Groningen, Groningen, The
Netherlands). The HCC827 (mutant EGFR, wild-type KRAS) cell line was a gift from Dr. Martin
Pool (Department of Medical Oncology, University Medical Center Groningen, Groningen, The
Netherlands). The EGFR−/−cell lines (A549 EGFR−/−, H1299 EGFR−/− and H1650 EGFR−/−) were
generated by CRIPR/Cas9, as described [28]. The cells cultured in RPMI-1640 containing 1%
penicillin/streptomycin supplemented with 10% fetal bovine serum (FBS) (Costar Europe,
Badhoevedorp, The Netherlands) at 37 ◦C with 5% CO2.
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Cell viability
Cell viability was measured using the MTS assay. Cells were seeded in flat bottom 96-well
plates at a density of 2 × 103 cells per well. After 24 h, cells were treated with appropriate
drugs at different doses for another 48 h. Subsequently, CellTiter 96 Aqueous One Solution reagent (Promega, Madison, USA) was added to each well, according to manufacturer’s
instruction. Plates were incubated at 37 °C for 1h. The optical density (OD) was determined at
490 nm wavelength using a Synergy H1 plate reader (BioTek, Winooski, USA).
Cell proliferation
The colony formation assay was used to determine cell proliferation. Cells were seeded in 6well plates at a density of 1 × 104 cells per well and were allowed to grow for 7-14 days.
Subsequently, cells were fixed with 4% (v/v) paraformaldehyde for 20 min at room
temperature (RT) in the dark. After washing with phosphate-buffered saline (PBS), cells were
stained with 0.5% (w/v) crystal violet for 15 min. Then, cells were washed three times with
demineralized water and plates were dried at room temperature. Crystal violet was eluted by
10% (v/v) acetic acid and OD was measured at 590 mm wavelength using a Synergy H1 plate
reader.
Apoptotic Assay
The 3 × 105 cells were seeded in 2mL medium in 6-well plates 24 h prior to the treatment. The
next day, cells were treated with drugs for 48h. After treatment, cells were collected and
washed with PBS twice. Cell pellets were resuspended in 200 µL PBS containing reagent A and
B from cell apoptotic kit (Violet Ratiometric Membrane Asymmetry Probe/Dead cell Apoptotic
Kit) bought from Thermofisher Scientific (Waltham, MA, USA). Cells were measured and
analyzed by LSR-II (BD Bioscience, Franklin Lakes, NJ, USA).
Western blotting
Cells were washed twice with ice-cold PBS and subsequently lysed in ice-cold lysis buffer (25
mM Hepes, 5 mM MgCl2, 5 mM EDTA, 0.5% Triton X-100 and protease inhibitors (#88266;
Thermo Scientific, Rockford, IL, USA)). Protein concentrations were determined by a Pierce
BCA Protein Assay Kit (Thermo Fisher Scientific, USA) according to the manufacturer’s protocol.
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Samples were separated by NuPAGETM 4-12% Bis-Tris gel (Invitrogen, Carlsbad, Canada), and
transferred with a Trans-Blot Electrophoretic Transfer system (Bio-Rad Laboratories) onto a
polyvinylidene difluoride membrane (PVDF; Bio-Rad Laboratories). The membrane was
blocked at room temperature for 1 h in PBS/0.1% Tween 20 (Sig-ma-Aldrich; solution referred
to as PBST) containing 5% skimmed milk (Campina, Friesland, The Netherlands) and
subsequently incubated overnight at 4oC with the appropriate primary antibody in 5% BSA
(Sigma-Aldrich) or 5% skimmed milk in PBST. The following primary antibodies and dilutions
were used: pAKT (1:1000), AKT (1:1000) and β-actin (1:10000); all from CellSignaling, Leiden,
The Netherlands. Membranes were washed in PBST and incubated at room temperature for
1 h with peroxidase-conjugated secondary antibodies. The goat anti-rabbit IgG/HRP (1:2000;
DakoCytomation, Glostrup, Denmark)secondary antibodies was used. The bands were
visualized using the VisiGlo™ Prime HRP Chemilumi-nescenct Substrate Kit (AMRESCO,Solon,
OH, USA).
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drugs at indicated concentrations for 48h and cell viability was determined with an MTS assay.
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SUMMARY
Epigenetics is the study of heritable phenotypic changes that do not alter the genotype of cells.
The role of epigenetic modifications in cancer and inflammation has been investigated
frequently. Histone deacetylases (HDACs) are principal modulators of post translational
modifications (PTMs) of histones as well as PTMs of other proteins. The potential of HDACs as
drug targets has been demonstrated by clinical application of several HDAC inhibitors for
treatment of cancer. A remaining challenge is to develop selective inhibitors for the different
HDAC isoenzymes and to unravel the functions of these HDAC isoenzymes in specific disease
models. In this thesis, novel medicinal chemistry strategies are being applied to develop HDAC
antagonists. We also utilize these antagonists to explore the cellular functions of HDAC
isoenzymes for better understanding of the implications of HDAC directed epigenetic
modulation.
In Chapter 2, we provide a comprehensive review on the potential of HDAC 3 selective
inhibition in drug discovery. We summarized the literatures on the role of HDAC 3 in cancer,
inflammation and degenerative neurological diseases. Comparison of the active sites of HDAC
3 with HDAC 1/2 highlighted five amino acids that could be exploited for development of
selective binders. Furthermore, we summarized the currently available HDAC 3 selective
inhibitors and discussed strategies for further development of HDAC 3 selective inhibitors.
Despite its challenges, development of HDAC 3 selective inhibitor holds promise for drug
discovery.
In Chapter 3, we synthesized several structural analogs of the class I HDAC inhibitor Entinostat
and investigated their selectivity profile among HDAC 1, 2 and 3. Both experimental data and
docking studies provide insight in structure activity relationships (SAR) for selectivity in HDAC
1 and 3 binding. We identified a conformational difference between HDAC 1 and HDAC 3 in
the ‘lid’ interacting region, which can be exploited for development of selective inhibitors. In
cell-based studies, we found that Class I HDACs inhibition increased the NF-B transcriptional
activity, as well as the transcriptional levels of pro- and anti-inflammation gene, whereas
HDAC 3 selective inhibition provided no effect. The lack of effect observed with HDAC 3
selective inhibitors stand in contrast to previous studies employing siRNA HDAC 3
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downregulation, thus indicating a structural role for HDAC 3 in inflammatory signaling rather
than a catalytic role.
To explore the structural role of HDAC 3 in inflammatory models, we applied a novel
technology in chapter 4, proteolysis targeting chimera (PROTACs), to develop small molecules
to degrade HDAC 3 in RAW264.7 cells. HDAC-PROTAC7 (HD-TAC7) was synthesized by
tethering the CRBN ligand pomalidomide and o-aminoanilide-based class I HDAC inhibitors.
HD-TAC7 showed potency and selectivity for HDAC 3 degradation and reached a DC50 value of
0.32 µM in RAW 264.7 cells. Further application of HD-TAC7 in LPS/IFNγ stimulated RAW 264.7
macrophages showed that HD-TAC7 did not significantly affect pro- and anti-inflammatory
gene transcription in contrast to the HDAC inhibitors Entinostat and CI994. The lack of effect
might be caused by a side effect of treatment with pomalidomide as CRBN ligand since it
downregulates the protein expression level of the NF-κB p65 subunit. Thus, PROTACs using
pomalidomide and its analogs as CRBN ligand will unintendedly interfere with signaling via NFκB pathway, which plays crucial roles in many processes. Our results pave the way for further
design of PROTACs, which provides a basis for development of this novel type of molecular
tools for applications in cell-based studies and ultimately drug discovery.
Macrophage migration inhibitory factor (MIF) is a pro-inflammatory cytokine, which interacts
with several cellular receptors, such as CXCR7 and CD74. The MIF-CXCR7 axis influences the
AKT signaling pathway [1], and thus affects the proliferation of cancer cells. In Chapter 5, we
designed a HDAC/MIF dual inhibitor as a multitarget-directed ligand for the treatment of
NSCLC. A cell-based study showed that the dual inhibitor displayed a better anti-cancer
potency than combination therapy in H1650 and A549 EGFR-/- cell lines. The dual inhibitor
induces cell apoptosis at concentration of 12.5 µM. Further western-blot analysis displayed
that inhibition of MIF contributes to downregulation of protein expression level of AKT or
pAKT, thus inhibiting the AKT pathway. We also found that the dual inhibitor showed a better
potency in A549 EGFR-/- cells than A549 EGFR wild type cells. This observation might relate to
the upregulation of CXCR7. Interfering with MIF-CXCR7 binding could affect the expression of
its downstream protein ALK. This might explain the better potency for the treatment in A549
EGFR-/- cells. To validate the hypothesis, we used Afatinib to inhibit EGFR expression in A549
cells, and co-treated the cells with the dual inhibitor. The results indicate an increased anti-
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cancer efficacy for Afatinib at the concentration of 3 µM in A549 cells. Our work showed the
potential of dual action on HDAC and MIF as drug targets for the treatment of NSCLC.

FUTURE PERSPRCTIVE
The work in this thesis aims at modulation of cellular signaling cascades connected to immune
responses and cell proliferation. Our findings in chapter 3 indicate that the structural role of
HDAC 3 might be more important than its catalytic activity in regulation of pro- and antiinflammatory gene expression. This raised the idea that triggering degradation of HDAC 3 in
cells offers opportunities to better understand the putative structural role of HDAC 3. Towards
this aim, we describe in chapter 4 the development of PROTACs that successfully degrade
HDAC 3 in cell-based assays. However, pomalidomide treatment provided as a side effect that
the p65 subunit of the NF-κB transcription factor was downregulated. This prohibits
investigation of effects on the NF-κB pathway with pomalidomide-based PROTACs. Thus, a
VHL-based PROTAC (Figure1) might be an alternative to achieve the HDAC 3 degradation
without affecting the protein expression level of NF-κB p65 subunit. This would progress our
understanding of the role of HDAC 3 in cells.

6
Figure 1. Design of VHL-based HDAC 3 PROTAC.

Another area of further research is to combine the features of HDAC isoform selective
inhibitors to yield specific HDAC selectivity profiles. Matching these HDAC selectivity profiles
with the requirement for specific disease models provides opportunities to achieve enhanced
effects. For example, besides the anti-inflammatory effect of class I HDACs [2], selective
inhibition of HDAC 6 has also shown efficacy in the treatment of inflammatory diseases [3].
Therefore, it would be interesting to inhibit class I HDACs and HDAC 6 simultaneously to
achieve synergistic anti-inflammatory effect in cells.
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MIF was originally recognized to be a multipotent cytokine involved in the regulation of
immune and inflammatory responses [4]. Inhibition of MIF by small molecule inhibitors
improved survival by reducing inflammatory responses in a mouse model with streptococcus
pneumoniae infection [5]. Therefore, MIF would be a promising drug target for inflammatory
diseases. In chapter 5, we developed a HDAC/MIF dual inhibitor, which provided a dual action
on HDAC and MIF. Class I HDACs regulate inflammatory gene transcription, and MIF interferes
with inflammatory signaling by binding with inflammation related cell-surface-receptor, such
as CD74, CXCR2 and CXCR4 [6]. Thus, dual action on HDAC and MIF might provide a synergistic
effect in anti-inflammatory therapy. The dual HDAC/MIF inhibitor in chapter 5 might provide
as a molecular tool to explore the potential of simultaneously targeting HDAC and MIF.
In chapter 5, we synthesized a dual HDAC/MIF inhibitor with anti-cancer efficacy in NSCLC cell
lines. Further development of dual HDAC/MIF inhibitors to obtain selectivity among HDACs
might enable reaching a better potency in the NSCLC cell lines or more specific effects on
specific pathways. Substitution of the o-aminoanilide core of ZP158 may provide an HDAC 3
selective HDAC/MIF dual inhibitor, while a phenyl substitution on o-aminoanilide core may
provide HDAC 1,2 selective HDAC/MIF inhibitors. Furthermore, replacing the o-aminoanilide
with a hydroxamic acid on ZP158 may provide a HDAC 6 selective HDAC/MIF dual inhibitor.
With the application of the dual inhibitors mentioned above in NSCLC cells, we might also
obtain more information about the roles of HDAC isoenzymes in NSCLC.
Overall, we applied novel approaches to interfere with HDAC functions including development
of selective inhibitors for HDAC subtypes, development of HDAC-directed PROTACs and
multitarget-directed ligand. We used these molecules to antagonize HDAC activity and
function. Thus we aimed to disclose the crucial role of class I HDACs in cell-based models for
inflammatory lung diseases and lung cancer. In the future, more novel conceptual HDAC
antagonists could be developed to enrich the field of HDAC antagonists with selectivity for
HDAC isozymes, ultimately to advance drug discovery. Further advances in the application of
such HDAC antagonists in disease model for lung inflammation and lung cancer, would provide
further insight in the role of HDAC isozymes as drug targets for improved therapies for
inflammation and cancer. The work described in this thesis paves the way for developing novel
HDAC antagonists and understanding the role of HDAC isoenzymes in epigenetic modulation.
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SAMENVATTING
Epigenetica is de studie van erfelijke fenotypische veranderingen die het genotype van cellen
niet veranderen. De rol van epigenetische modificaties bij kanker en ontstekingen is vaak
onderzocht. Histondeacetylasen (HDAC's) zijn de belangrijkste modulatoren van posttranslationele modificaties (PTM's) van histonen en van PTM's van andere eiwitten. Het
potentieel van HDAC's als doelwit voor geneesmiddelen is aangetoond door klinische
toepassing van verschillende HDAC-remmers voor de behandeling van kanker. Een resterende
uitdaging is om selectieve remmers te ontwikkelen voor de verschillende HDAC-iso-enzymen
en om de functies van deze HDAC-iso-enzymen te ontrafelen in specifieke ziektemodellen. In
dit proefschrift worden nieuwe medicinale chemische strategieën toegepast om HDACantagonisten te ontwikkelen. We gebruiken deze antagonisten ook om de cellulaire functies
van HDAC-iso-enzymen te onderzoeken voor een beter begrip van de consequenties van
HDAC-gerichte epigenetische modulatie.
In Hoofdstuk 2 geven we een uitgebreid overzicht van het potentieel van HDAC 3-selectieve
remming bij het ontdekken van geneesmiddelen. We vatten de literatuur samen over de rol
van HDAC 3 bij kanker, ontstekingen en degeneratieve neurologische aandoeningen.
Vergelijking van de actieve sites van HDAC 3 met HDAC 1/2 bracht vijf aminozuren naar voren
die kunnen worden benut voor het ontwikkelen van selectieve remmers. Verder hebben we
samengevat welke HDAC 3-selectieve remmers momenteel beschikbaar zijn. Verder
beschrijven we strategieën voor de verdere ontwikkeling van HDAC 3-selectieve remmers.
Ondanks de uitdagingen biedt de ontwikkeling van HDAC 3-selectieve remmers een
veelbelovend perspectief voor het ontwikkelen van nieuwe geneesmiddelen.
In Hoofdstuk 3 hebben we verschillende structurele analoga van de klasse I HDAC-remmer
Entinostat gesynthetiseerd en hun selectiviteitsprofiel onder HDAC1, 2 en 3 onderzocht. Zowel
experimentele data als dockingstudies geven inzicht in structuur-activiteitsrelaties (SAR) voor
selectiviteit in HDAC 1- en 3-binding. We identificeerden een conformationeel verschil tussen
HDAC 1 en HDAC 3 in het ‘lid’-interactiegebied, dat kan worden benut voor de ontwikkeling
van selectieve remmers. In celgebaseerde studies ontdekten we dat remming van klasse I
HDAC's de transcriptionele activiteit van NF-κB verhoogde, evenals de transcriptie niveaus van
pro- en anti-inflammatoire genen, terwijl HDAC 3-selectieve remming geen effect opleverde.
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Het gebrek aan effect dat wordt waargenomen met HDAC 3-selectieve remmers staat in
contrast met eerdere studies die gebruik maken van siRNA HDAC 3-downregulatie, wat duidt
op een structurele rol voor HDAC 3 bij inflammatoire signalering in plaats van een katalytische
rol.
Om de structurele rol van HDAC 3 in inflammatoire modellen te onderzoeken, hebben we in
hoofdstuk 4 de nieuwe technologie proteolyse-targeting chimeras (PROTACs) toegepst om
kleine moleculen te ontwikkelen die HDAC 3 in RAW264.7-cellen afbreken. HDAC-PROTAC7
(HD-TAC7) werd gesynthetiseerd door de CRBN-ligand pomalidomide te koppelen aan een oaminoanilide gebaseerde klasse I HDAC-remmer. HD-TAC7 vertoonde activiteit en selectiviteit
voor HDAC 3-afbraak en bereikte een DC50-waarde van 0,32 µM in RAW 264.7 macrofagen.
Verdere toepassing van HD-TAC7 in LPS / IFNγ gestimuleerde RAW 264.7-macrofagen toonde
aan dat HD-TAC7 geen significante invloed had op pro- en anti- inflammatoire gentranscriptie
in tegenstelling tot de HDAC-remmers Entinostat en CI994. Het gebrek aan effect kan worden
veroorzaakt door een bijwerking van behandeling met pomalidomide als CRBN-ligand,
aangezien deze het eiwitexpressieniveau van de NF-κB p65-subeenheid naar beneden brengt.
PROTAC's die pomalidomide, of pomalidomide analoga als CRBN-ligand gebruiken, zullen dus
onbedoeld interfereren met signalering via de NF-κB-route, die een cruciale rol speelt in veel
processen. Onze resultaten effenen de weg voor verder ontwerp van PROTAC's, die een basis
vormen voor de ontwikkeling van dit nieuwe type moleculaire tools voor toepassingen in
celgebaseerde studies en uiteindelijk de ontdekking van geneesmiddelen.
Macrofaagmigratieremmende factor (MIF) is een pro-inflammatoire cytokine, die een
interactie aangaat met verschillende cellulaire receptoren, zoals CXCR7 en CD74. De MIFCXCR7-as beïnvloedt de AKT-signaleringsroute [1] en beïnvloedt dus de proliferatie van
kankercellen. In Hoofdstuk 5 hebben we een dubbele HDAC / MIF-remmer ontworpen als een
multitarget-gericht ligand voor de behandeling van NSCLC. Een celgebaseerde studie toonde
aan dat de dubbele remmer een betere anti-kanker potentie vertoonde dan
combinatietherapie in H1650 en A549 EGFR

- / -

cellijnen. De dubbele remmer induceert

cellulaire apoptose bij een concentratie van 12,5 µM. Verdere Western-blot-analyse toonde
aan dat remming van MIF bijdraagt aan daling van het eiwitexpressieniveau van AKT of pAKT,
waardoor de AKT-route wordt geremd. We vonden ook dat de dubbele remmer een betere
potentie vertoonde in A549 EGFR

-/-

cellen dan in A549 EGFR wild-type cellen. Deze
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waarneming kan verband houden met de stijging van het eiwitexpressieniveau van CXCR7.
Interferentie met MIF-CXCR7-binding zou de expressie van het downstream eiwit ALK kunnen
beïnvloeden. Dit zou de betere potentie van de behandeling in A549 EGFR

-/-

cellen kunnen

verklaren. Om de hypothese te valideren, hebben we Afatinib gebruikt om EGFR-expressie in
A549-cellen te remmen en de cellen samen te behandelen met een dubbele remmer. Het
resultaat is een verhoogde werkzaamheid tegen kanker voor Afatinib bij een concentratie van
3 µM in A549-cellen. Ons werk toonde het potentieel aan van dubbele actie op HDAC en MIF
als geneesmiddeldoelen voor de behandeling van NSCLC.

TOEKOMSTPERSPECTIEF
Het werk in dit proefschrift is gericht op modulatie van cellulaire signaaltransductiecascades
die verband houden met immuunresponsen en celproliferatie. Onze bevindingen in hoofdstuk
3 geven aan dat de structurele rol van HDAC 3 mogelijk belangrijker is dan zijn katalytische
activiteit in de regulatie van pro- en anti-inflammatoire genexpressie. Dit bracht het idee naar
voren dat het induceren van HDAC 3 afbraak in cellen kansen biedt om de vermeende
structurele rol van HDAC 3 beter te begrijpen. Om dit doel te bereiken, beschrijven we in
hoofdstuk 4 de ontwikkeling van PROTACs die HDAC 3 succesvol afbreken in celgebaseerde
assays. Behandeling met pomalidomide zorgde echter voor de bijwerking dat de p65subeenheid van de NF-κB-transcriptiefactor werd gedownreguleerd. Dit zorgt ervoor dat
onderzoek naar effecten op de NF-κB-route met op pomalidomide gebaseerde PROTAC’s niet
mogelijk is. Een op VHL gebaseerde PROTAC (figuur 1) zou dus een alternatief kunnen zijn om
de HDAC 3-afbraak te bereiken zonder het eiwitexpressieniveau van de NF-κB p65-subeenheid
te beïnvloeden. Dit zou ons begrip van de rol van HDAC 3 in cellen bevorderen.

Figuur 1. Ontwerp van op VHL gebaseerde HDAC 3 PROTAC.
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Een ander gebied van verder onderzoek is om de kenmerken van HDAC-isovorm-selectieve
remmers te combineren om specifieke HDAC-selectiviteitsprofielen te verkrijgen. Door deze
HDAC-selectiviteitsprofielen af te stemmen op de vereisten voor specifieke ziektemodellen,
kunnen er verbeterde effecten worden bereikt. Naast het ontstekingsremmende effect van
klasse I HDAC's [2], heeft selectieve remming van HDAC 6 bijvoorbeeld ook werkzaamheid
aangetoond bij de behandeling van ontstekingsziekten [3]. Daarom zou het interessant zijn
om klasse I HDAC's en HDAC 6 gelijktijdig te remmen om een synergetisch
ontstekingsremmend effect in cellen te bereiken.
MIF werd oorspronkelijk erkend als een multipotent cytokine dat betrokken is bij de regulatie
van immuun- en ontstekingsreacties [4]. Remming van MIF door remmers van kleine
moleculen verbeterde de overleving door het verminderen van ontstekingsreacties in een
muismodel met streptococcus pneumoniae-infectie [5]. Daarom zou MIF een veelbelovend
medicijndoelwit zijn voor ontstekingsziekten. In hoofdstuk 5 hebben we een dubbele HDAC /
MIF-remmer ontwikkeld, die een dubbele werking op HDAC en MIF heeft. Klasse I HDAC's
reguleren inflammatoire gentranscriptie, en MIF interfereert met inflammatoire signalering
door te binden aan ontstekingsgerelateerde celoppervlakreceptoren, zoals CD74, CXCR2 en
CXCR4 [6]. Een dubbele werking op HDAC en MIF kan dus een synergetisch effect geven bij
ontstekingsremmende therapie. De dubbele HDAC / MIF-remmer in hoofdstuk 5 zou kunnen
dienen als een moleculair hulpmiddel om het potentieel van dubbele HDAC en MIF remming
te onderzoeken.
In hoofdstuk 5 hebben we een dubbele HDAC / MIF-remmer gesynthetiseerd met effectiviteit
tegen kanker in NSCLC-cellijnen. Verdere ontwikkeling van dubbele HDAC / MIF-remmers om
selectiviteit tussen HDAC's te verkrijgen, zou het mogelijk maken om een betere potentie te
bereiken in de NSCLC-cellijnen of meer specifieke effecten op specifieke routes. Vervanging
van de o-aminoanilidekern van ZP158 kan een HDAC 3-selectieve HDAC / MIF-dubbele
remmer opleveren, terwijl een fenylsubstitutie op de o-aminoanilidekern HDAC 1,2-selectieve
HDAC / MIF-remmers kan opleveren. Bovendien kan het vervangen van het o-aminoanilide
door een hydroxaamzuur op ZP158 een HDAC 6-selectieve HDAC / MIF dubbele remmer
opleveren. Met de toepassing van de hierboven genoemde dubbele remmers in NSCLC-cellen,
kunnen we mogelijk ook meer informatie krijgen over de rol van HDAC-iso-enzymen in NSCLC.
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Chapter 6

Over het algemeen hebben we nieuwe benaderingen toegepast om te interfereren met HDACfuncties, waaronder de ontwikkeling van selectieve remmers voor HDAC-subtypen, de
ontwikkeling van HDAC-gerichte PROTAC's en multitarget-gerichte ligand. We gebruikten deze
moleculen om HDAC-activiteit en -functie te remmen. Daarom wilden we de cruciale rol van
klasse I HDAC's in celgebaseerde modellen voor inflammatoire longziekten en longkanker
onderzoeken. In de toekomst zouden meer conceptueel nieuwe HDAC-antagonisten kunnen
worden ontwikkeld om het veld van HDAC-antagonisten te verrijken met selectiviteit voor
HDAC-isozymen, om uiteindelijk de ontdekking van geneesmiddelen te bevorderen. Verdere
vooruitgang in de toepassing van dergelijke HDAC-antagonisten in ziektemodellen voor
longontsteking en longkanker, zou verder inzicht verschaffen in de rol van HDAC-isozymen als
geneesmiddeldoelen voor verbeterde therapieën voor ontsteking en kanker. Het werk dat in
dit proefschrift wordt beschreven, effent de weg voor het ontwikkelen van nieuwe HDACantagonisten en het begrijpen van de rol van HDAC-iso-enzymen in epigenetische modulatie.
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